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This document is  the f i n a l  report fo r  Contract NAS8-29881, llEconomic 
Analysis of Materials Processing i n  Space." The work was performed by 
R.  I.  Vachon, R. C .  Wilcox, A. W .  Lacy, C.  W. Hale, S. D.  Beckett, and 
J. B. Canterberry of Auburn University, Schools of Engineering, Business, 
and Veterinary Medicine, fo r  the  National Aeronautics and Space Adminis- 
t r a t ion ,  George C. Marshall Space Flight Center. The period of performance 
of t h i s  study was from March 1974 t o  June 1975. 
Phenrlmcna associated with rcduced gravi ta t iona l  e f f e c t s  o r  "weight- 
lessness" In outer  bpaco point  t o  the p o s s i b i l i t y  of the manufacture i n  spacc 
of improved mater ials ,  new mater ials ,  curd 5 a n o v a t i ~ t  process techniques. 
Thus, an economic ana lys is  using e c o n o ~ ~ t t r i c  and cos t  benef i t  ana lys i s  
techniques was perf  armed t o  detormine the f e a s i b i l i t y  of space processing i 
of ce r t a in  products such a s  s ing le  c r y s t a l s  f o r  e l ec t ron ic  appl icat ions , high ! z 
pur i ty  tungsten t a rge t s  fo r  medical x-ray tubes,  turbine blades fo r  j e t  I 
i 
i 
a i r c r a f t  engines, and electrophotosis  f o r  biological  appl icat ions.  Emphasis 5 1 
was d i rec ted  t o  the ana lys is  of  tu rb ine  blades midway during the  p:*oject by 4 
f 
the  d i rec t ion  of the  sponsor. A de ta i l ed  ana lys is  of t he  cos t  e f  operat ing L j 
t he  space s h u t t l e  t ranspor ta t ion  system was necessary before each manufacturing i t 
process could be examined. A l l  products o r  processes were analyzed a s  t o  i 
t h e  cos t s  which w i l l  be incurred during space manufacture, the  projected 
demands of such products during t h e  12 year planning period (1986-1991), and h 
the bene f i t s  which can be dcrivod frora these improved products. 
As indicated, space manufacturing of turbine blades was invest igated 
i n  d e t a i l .  This port ion of the ana lys is  included tho types of furnace 
systems, molds, mater ial  s torage systems, and mater ials  handling equipment 
necessary t o  produce turb ine  blades i n  a f u l l y  automated system. The 
la rge  number of blades which must be produced pe r  year, t hc  weight of these  d 
blddes, the necezsary equipment and the  long process time requires  a 
permanent space factory o r  s t a t i o n  f o r  the production of  tu rb ine  b l a ~ e s ,  
blades ind ica t e  an adequate dcmand t o  j u s t i f y  production, subs t an t i a l  fue l  I 5 
savings of 6.522 b i l l i o n  gal lons during the  12 year period (1381-1992), bcncf i t s  
i 
l 
over the  7.5 year  l i f e  span of  a blade of  $991.50 per blade when uscd as j 
replacements o r  over $21,000 por blade when used i new a i rc ra f t ,  and n t o t a l  i 
i 
d o l l a r  savings t o  U.S. a i r l i n e s  i n  t he  period 1980-1992 of 6.618 b i l l i o n .  i L 
The b e s t  weight est imate f o r  shupt le  t ranspor ta t ion  of bladc matcr ials  and 
1 
I 
o the r  necessary equipment i s  1.5 lb .  (680.4 gin.) pe r  blade with the  res idua l  
fac tory  cos t  (including development , launch and d i r e c t  operat ion costs)  1 
i 
o f  $369,482,727. A l l  f ac to r s  ind ica te  a po ten t ia l  s e l l i n g  p r i cc  of $991 .SO i 
per  blade. 
Space processing o f  high pu r i ty  tungsten t a rge t s  f o r  medical x-ray 
tubes by conta iner less  l e v i t a t i o n  melting would produce t a r g e t s  having 
higher  milliampere r a t i ngs  thus giving a smaller focal  s p ~ t  r e su l t i na  i n  
g rea t e r  x-ray d e t a i l .  Spaco processing t o  be successful  i s  not dependent on 
reducing the  Rhenium i n  the  t a r g e t  bu t  on the  extension of t a rge t  and 
tube l i f e  beyond the average two ycars  l i f e  which now e x i s t s .  Benefits 
derived from space processing were based on continued growth i n  demand f o r  
rad io logica l  hea l th  serv ices  and expected doubling o f  tube l i f c .  A doubling 
of  t he  t a r g e t  l i f e  alone would produce a cos t  saving of  over $14 mil l ion 
do l l a r s  f o r  t he  12 year  planning period, assuaing a 15 percent  discount 
rats. However, t ranspor ta t ion  cos ts  would ap?ear t o  make space processing 
in t h i s  a'rea uneconomical i f  only a doubling of l i f e  expectancy is assumed. 
Approximately, a three-fold increase i n  t a r g e t  l i f e  is required t o  cover 
space t ranspor ta t ion  cost.  
methods were examined. The most promising candidate was t h e  separat ion of f -,. 
-3 
immunoglobulin (IgC) i n t o  subc1;lsscs. Only 100 grams of  I C separated Y 
i n t o  i ts  four si~bcorrrponents could provide a scruul t h a t  would be reproduced 
i n  animals. One s h u t t l e  f l i g h t  would provide the U.S. needs f o r  a year.  
This could be do~ic on a regular  s h u t t l e  f l i g h t  and consequently provide 
high benef i t s  f o r  a r e l a t i v e l y  low cost?. 
In  addi t ion,  an econoinetric model was developed t o  pred ic t  demand m d  
supply f igures  f o r  c rys t a l s  over a time span roughly concurrent with t h a t  of 
NASA's Space Shut t le  Program. The model was t e s t ed  f o r  c rys t a l  use i n  the  
e lec t ronics  industry. However, work on the  c r y s t a l  study and the  econometric 
ana lys is  of c rys t a l s  was terminated a t  the  request of NASA p ro j ec t  d i r ec to r s .  
A more i n  depth study has been funded with another contractor .  
1. INTROWCTION 
The s t a t ed  objectives o f  t h i s  research projec t ,  as  given i n  the  
or ig inal  proposal were as follows: 
a. Determine speci f ic  products o r  processes uniquely connected 
with space manufacturing . 
b. Select  a speci f ic  product o r  process from each of the  following 
, 
three areas: (1) semiconductors, (2) metals, and (3) biochemicals. 
c. Analyze each of the  products o r  processes selected i n  b above 
t o  determine the overal l  price/cost  s t ruc tu re  taking in to  
consideration: t o t a l  costs  of materials,  d i r ec t  and indi rec t  
labor, other  costs,  depreciation/depletion/amortization, and 
income and benef i t s  of a l l  types. 
The economic elements of  the projec t  were t o  involve three phases: 
(a) developing a generalized decision making format f o r  analyzing space 
manufacturing, (b) a comparative cost  study of selected processes i n  
space vs. ear th  manufacturing; and (c) a supply and demand study of  
the  economic relat ionships of  one of  the  manufacturing processes. 
j 
! The project  was organized i n  a manner t o  provide subs tant ia l  
! 
i 
1 interplay between Marshall Space Flight  Center and the  project  and i 
6 a 
task team leaders. Feedback from Marshall allowed the  project  t o  proceed 1 ! 3 
as evolutionary research ra the r  than precisely as the  project  proposal 
outl ines.  The bas ic  objectives set  fo r th  have been met subs tant ia l ly ,  
however, 
1.0.1 Conccpts of Sp;lce Proccssi ng 
Three concepts of space proccssing wcrc cxplorcd t o  some degree. The 
f i r L t  involved the  type of operation i n  v h i c l ~ a  fac tory  \$as i t s e l f  t r ans -  
ported up i n  t he  s h u t t l e ,  operations ca r r i ed  out ,  and then returned i n  t h e  , 
s h u t t l e .  This process poses high t ranspor ta t ion  cos ts  and was considered 
I non-economical f o r  most manufacturing type operations.  A possible  exception I would l i e  i n  biomedical a rea ,  whcre some production could take p lace  on 
regular ly  scheduled s h u t t l e  f l i g h t s .  
The second concept was t h a t  of  an automated unmanned space fac tory  
t h a t  would be launched separa te ly ,  i f  necessary, from the s h u t t l e .  The 
fac tory  would remain i n  o r b i t  and be serviced by the  shu t t l e .  This mode 
of production is  analyzed i n  Section 1.4. Final ly ,  some consideration 
was made of u t i l i z i n g  a permanently launclled manned space factory.  
1.1 Select ion of Product Lines 
The products t h a t  were chosen f o r  ana lys is  of space processing 
i f e a s i b i l i t y  yere: 
I a, Turbine blades i b. Tungsten t a r g e t s  f o r  x-ray machines I c. I C subclass separat ion by electrophoresis  I 
d. High-price exot ic  c r y s t a l s  
Individual repor t s  on each of  these  products can be found i n  Cnapters 
3.0, 5.0, 6.0, and 7.0, respect ively.  In addi t ion,  an analysis  devoted 
t o  the  space processing f a c i l i t y  f o r  tu rb ine  blades is given i n  Chapter 4. 
The se l ec t ion  of t h e  product l i n e s  was del ineated solnewhat hy 
se l ec t ing  (a) only product l i n e s  t h a t  po ten t i a l l y  would provide subs t an t i a l  
tcclrnicnl improvcmont over car th  processing, or  (b) product l ines  tha t  
have not yet been producible i n  ear th  gravity. Tlre decision t o  do t h i s  
w a .  bi.s::d on the  assumption tha t  the  added cost  of space transportat ion 
would negate almost a l l  carth vs. space manufacturing c ~ ~ s i d e r a t i o n s .  
Conceivably, some products manufactured i n  space could increase production 
r e l i a b i l i t y  t o  the  extent tha t  t ransport  costs  would be o f f se t .  The 
only pi 'duct l i n e  of t h i s  type iden t i f i ed  was crys ta ls ,  which a lso  bore 
heavy qual i ty  improvement potential .  In te res t  was consequently placed 
OTY improved qual i ty  and performance aspects derived from space processing. i 
Throughout the  analysis,  the  assumption was made tha t  a l l  costs ,  is 
including transportat ion costs  must be recovered fo r  the  produce t o  be i j 
v iable.  P 
% tr
1 . 2  Shut t le  Costs 
- f 
I 
Shut t le  Costs qrere based on the  volume of t r a f f i c  ant icipated by 2 
the October 1973 Shutt le  T r a f f i c  Model. A 32,000 pound cargo c~ .pac i ty  
was assiimed. Average cost  curves were calculated on the  bases of 
d i f fer ing  levels  of a c t i v i t y  per  year.  The levels  chosen were 12, 20, 
30, 40, 56, 60, 70, a.nJ 52 f l i g h t s  per  year. 
The c'asts : e r e  calculated using parametric estimation techniques 
but do not r e f l e c t  de ta i led  engineering estimates which would be used 
i n  b u d q e ~  requests.  Some estimates regarding t o t a l  costs  were obtained 
frl Mr. H.C. Mandell and Mr. John Wise of tbe  Space Shut t le  Resource 
Management Office, NASA, Houston, Learning curves of 85 percent and 
9S perce !f: -ere used t o  compute economies of scale.  
Ln addition, each cost  computed was discounted t o  obtain present 
values f o r  0 ,  5, 10, and 15 pcrccnt discount r a t e s ,  The purpose of 
3 
discounting is t o  account f o r  a l t e r n a t i v e  o r  opportunity cos t s .  The 
r a t i ona l  is  presented i n  Appendix 2-1. 
1.3 Turbine Blades . 
The g rea t e s t  port ion of r e sea rc l~  e f f o r t  on t h i s  project  has been 
I 
devoted t o  t he  analysis  of  tu rb ine  blades as a po ten t i a l  candidate f o r  
space processi:.,g. In addi t ion t o  a cost-benefi t  ana lys i s ,  a sec t ion  
devoted t o  the  operation of a space fac tory  is  presented. 
The feas ib iJ . i ty  of  tu rb ine  blades f o r  space processing was 
analyzed by comparing the  po ten t i a l  benef i t s  with the  po ten t i a l  cos t s ,  
The po ten t i a l  bene f i t s  were estimated by assuming a higher leve l  of 
performance from a technologically super ior  blade. Savings were 
ca lcu la ted  f o r  t he  U.S. commercial a i r l i n e s ,  using pro jec t ions  of fu tu re  
f l i g h t  leve ls .  Savings aspects  considered were fue l  savings, c a p i t a l  
savings, and operat ional  savings. These savings a r e  la rge  and provide 
considerable value t o  o f f s e t  the cos ts  of t h e  space fac tory  i t s e l f .  
Other cos ts  a r e  estimated and a res idua l  allowable cos t  f o r  t he  space 
fac tory  is  calculated.  The r e s u l t s  i nd ica t e  t h a t  tu rb ine  blades a r e  
a s t rong  candidate f o r  space processing. 
1.4 Turbine Blade Processing 
Space processing of d i r ec t iona l ly  s o l i d i f i e d  eu tec t ic -a l loy  type 
turb ine  blades i s  envisioned as a simple remelt operation i n  which pre- 
ca s t  blades a r e  remelted i n  a pre-formed mold. Such a process requi res  
a permanent space factory because of  t h e  weight of  t h e  large number of 
blades (172,800) which must be produced annually, t h e  weight of t he  
processing f a c i l i t i e s ,  and the  long process times involved. Three 
d i f f e ren t  fux-nace proccss systcms based on illduct ion mcl t ing , continuous 
res i s tance  furnaces,  and batch rcs  ist;ulcc f u r ~ ~ a c c s  were evaluated. The 
dcvelopmei~t of each system involved the  ncccssary number of furnaces,  t he  
number of blades requircd per  mold, t he  al louable mold dens i ty ,  the  general 
furnace design, and the  motcr ials  s torage f a c i l i t y .  Also, the  general 
type of mater ials  handling equipment, t he  nciessary volume required t o  
house each t o t a l  f a c i l i t y ,  and the  gcneral power requirements a r e  discussed, 
1.5 Tungsten Targets f o r  X-Ray Tubes 
The approach taken t o  t he  analysis  of tungsten t a r g e t s  f o r  X-Rays 
was s imi l a r  t o  t h a t  of t he  turb ine  blades,  considering t h e  cos t s  and 
benef i t s .  The bene f i t s  of space manufacturing, however, appear l imited 
t o  increasing t h e  usefu l  l i f e  of t he  t a rge t .  Although subs t an t i a l  bene f i t s  
may be an t ic ipa ted  from t h i s  source, t he  t ranspor ta t ion  cos ts  would appear 
t o  make space processing i n  t h i s  a rea  uneconomic i f  only a doubling of  
l i f e  expectancy i s  assumed. 
1.6 Electrophoresis 
were examined. These were: a)Pure samples of four  subclasses of IgC 
b) Pure cu l tures  of Beta c e l l s ,  c)  Pure cu l tures  of stem c e l l s  without 
compliment f i x ing  c e l l s ,  d) Pure cu l tures  of tumor c e l l s ,  e )  Urokinase 
producing c e l l ,  f )  Pure samples of antihemophilic f a c t o r s ,  g) Pure 
cu l tures  of  B 4 T c e l l s .  Selected a s  a promising candidate f o r  space 
processing was the  immunoglobulin (I  C) subclasses.  Since 100 grams g 
be reproduced i n  animals; only one f l i g h t  i s  needed t o  provide the  U.S. 
necds fo r  a year. This could be done on a regular  shuttle f l i g h t  and 
conscqucntly would provide high benef i t s  f o r  a re l a t ive ly  low cost.  
1.7 Crystal Study and Econometric Model 
Work on the crys ta l  study and the  econometric model was terminated 
a t  the request of the NASA project  d i rec tors .  To deal with t h i s  problem, ' 
NASA has funded another agency t o  make a more i n  depth study. The analysis  
presented represents work completed and the  plan f o r  completing the work. 
Data gathered is presented. 
The c rys ta l  study presented problems for  econometric analysis  Gue 
t o  an almost t o t a l  lack of  time se r i e s  data. Consequently, many proxies 
were used t o  develop a t e s t ah le  model. The model was tes ted  using the  
electronics industry as a scmple while e f f o r t s  t o  gather crys ta l  da ta  
were underway. These re su l t s  a re  presented. Crystal data proved t o  
be too shor t  term f o r  the  model i n  general. The model could have been 
used i n  a crys ta l  using few product l ines,  however. 
1.8 Meeting of Objectives 
The objectives of t h i s  research were s e t  forth i n  Section 1.0 above. 
In l ine  with these objectives the  repozt: 
a. Specif ies  products t h a t  would benefi t  technologically from space 
processing. 
b, Selects  products from each of the three areas: a) semiconductors - 
crys ta ls ,  b) metals - turbine blades and tungsten targets ,  
c) biochemicals - I G subcomponents. 0 
c. Analyzes each of the  products, with the exception of c rys ta l s ,  
for costs  and benefi ts .  The crys ta l  study was teminated  before 
cost  - benefi t  onalysis began. This was done in  o meting with 
NASA o f f i c i a l s  oa December 13, a t  NSFC. A t  t h i s  point work on 
the  econometric model f o r  c rys ta l s  and the  crys ta l  study was 
shi f ted  t o  conccntrate on the  turbine blade and turbine blade 
processing f a c i l i t y .  
A judgement was made as t o  the  potent ia l  f e a s i b i l i t y  of the products 
f o r  space processing. The turbine blade and I G products were described g 
as promising candidates. The outlook of tungsten targets  f o r  X-rays was 
not. No judgement was made on c rys ta l  f eas ib i l i ty .  
2. SPACE SHUTTLE 
In order t o  dotormine tho f e a s i b i l i t y  of selected material procesges , 
f o r  adaptabil i ty t o  space processing, it was necessary t o  estlmate the  
costs of operating the space shu t t l e  t ransportat ion systed (SSTS). Three 
types of cost  estimates nust be made. The f i r s t  cost  al locat ion involves the  
transportat ion costs  associated with space materials processing. The 
second cost  al locat ion involves the spec i f i c  processing costs  associated 
with the space materials processing f a c i l i t y  (SMPF). The t h i r d  cost 
al locat ion deals  with the  i n t e g r a t i c i ~  of shu t t l e  payloads on the ground. 
This sect ion i s  concerned only with the  cos ts  of  space transportat ion.  
The following assumptions were used i n  developing the  cost  estimates 
presented i n  t h i s  section: 
a j  The (iccober 1973 Shut t le  Tra f f i c  Model was used as a bas is  f o r  
calculat ing a l l  costs. 
b) A l l  Shut t le  f l i g h t s  a re  evenly d is t r ibuted  over the 1979-1990 
planning period. 
C) A 32,000 lb. cargo payload i s  the  maximum c a p a c i t . ~  of the  Orbitor.  
d) The Orbitor  w i l l  use a 200 N.M. o r b i t  a t  an incl inat ion of 28.S0. 
A l l  Shut t le  f l i g h t s  w i l l  o r ig inate  a t  the  Florida launch s i t e .  
e) The Cost calculat ions are  based on 986 Shut t le  f l igh t s .  
The following conventions and procedures were followed: 
a)  A l l  values a re  represented i n  1972 dol lars  except where otherwise 
stated.  
b) A l l  future t ransportat ion costs  a r e  discounted a t  0,  5, 10, and 
15 pcrcont discount rates.  
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c! !.;I jo in t  costs  a re  al located t o  the user on the basis  of a charge 
per pound of Orbitor cargo capacity. This i s  paramount t o  saying tha t  a l l  
space transportat ion costs  are  presented on a payload cargo pound basis.  
d) The transportat ion charges a r e  presented three  ways: 
b 
1) Minimum cost  analysis: includes only the operating and 
maintenance costs  of  the  s h u t t l e  t ransportat ion system. 
2) Mini~um t o t a l  operating and capi ta l  a m r t i z a t i o n  cos ts ;  
a l l  costs  included in the  mini- cost analysis  and amr t i zo t ion  
charges f o r  non-DO0 Orbitor investment expenditures and re la ted  
ground f a c i l i t i e s .  
3) Full  costs  of anortizing operating, investment, and 
development expenditures: includes(1) and (2) and the  develapment 
costs of the  Orbitor. 
For purposes of calculat ing transportat ion cos ts  of  space processing 
a c t i v i t i e s ,  the  f igure  of  $326 per  pound was chosen. This is taken from 
Table 2-1 assuming the  scheduled 12 year t o t a l  f l i g h t s  t o  be 445 o r  37 per 
year. This 'figure is f o r  a zero discount r a t e  and is  believed t o  be a 
very conservative figure. Should space processing become a viable space 
ac t iv i ty ,  the  increase i n  t o t a l  f l i g h t s  could r e s u l t  i n  learning economies 
tha t  potent ia l ly  would decrease t h i s  f igure  substantial ly.  For example, 
the  costs  per  pound f o r  a high level  of ac t iv i ty ,  82 f l i g h t s  per  year f o r  
12 years, with a zero discount r a t e  would place the  per  pound cost  a t  
$260 a year. This f igure  represents a subs tant ia l  reduction i n  t o t a l  
costs  f o r  space processing. 
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? . 2  Description of t h e  Qsb i to r  
Space Shu t t l e  cos t  es t imates  contained i n  t h j s  nnalvsis a r c  based 
on the  apl~roximatclv 986 Shu t t l e  f l i g h t s  a l loca ted  among d i f f e ren t  o r b i t s  
by the  nctober 1973 Shu t t l e  T ra f f i c  Model [ I ]  ? Ilowever, d i r e c t  delive-ry of  the  
maximumSlruttlecar~opayloadis l i m i t e d + ~ r e l a t i v e l v  locvarh i t s .  The ' 
del ivery  of t he  payloads t o  higher  o r b i t s  r f q u i r e s  an addi t ional  ~ r o ~ u l s i o n  
s t age  and propel lent  load t h a t  must be cayried along with the  cargo pavload. 
The Shu t t l e  has a carco capaci tv of 65,000 pounds t h a t  can h e  launched 
i n  a due eas t  o r b i t  from Cape Kennedy i n t o  a 220 naut ica l  mile o r b i t .  The 
a l t e r n a t i v e  launch s i t e  a t  Vandenberg A i r  Force Base allows f o r  ~ o l a r  
missions t o  be flown with s launch capaci ty of 40,000 pounds. In  cases of 
emergency t h e  Shut t le  can land with a f u l l  cargo pavload, however, t he  Shu t t l e  
is designed t o  r e tu rn  32,000 pounds of cartzo oavload t o  ear th .  
The l w  o r b i t a l  missions, including Space Material  Processinc ac t iv iu i e s ,  
w i l l  be  flown from Cape Kennedy; po lar  missions w i l l  be  flown from Vand-. L~ b erg 
Air Force Base. The hinh o r b i t  f l i g h t s  w i l l  r equi re  t h c  upe of t h e  space 
tug--the t u ~  is used t o  move the  bas i c  pavload i n t o  o r b i t  beyond 220 naut ica l  
miles;  a t  present  it appears t h a t  approximatelv 50 ~ e r c e n t  of t he  Shu t t l e  
f l i g h t s  w i l l  use t he  tug [2 ] ,  
The October 1973 Shu t t l e  T r a f f i c  Model ind ica tes  t h a t  manv f l i q h t s  w i l l  
have a higher  o r b i t  than 220 naut ica l  miles so  t h a t  t he  32,000 pounds of 
cargo capaci tv would not be ava i lab le  f o r  t he  pavload only hut would have 
t o  be used p a r t i a l l y  f o r  addi t iona l  fue l  and equipment required f o r  the 
higher o r b i t s .  This would increase t h e  cos t  of ~ l a c i n a  a pound of carno i n t o  
a zero gravirv environment. 
The implication of t h i s  pavload l imi t a t ion  can bc grasned more c l e a r l y  
i f  t h e  weight c n a r a c t e r i s t i c s  of severa l  Space Lab confipurations a r c  given 
N d e - r s  vefer  t o  c i t a t i o n s  a t  the  end o f  the  chapter.  
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in sornc Jctoil. 'Ihc Spncelill, configur:itions cl~nractcristic of Space 
Shuttle Transportation Systcltr (SSTS) flights include ii pallet only, a 
prcssurizcd mociulc only, and rr pressurized module with a pallet [3]. 
(a) pallet only example: 
Orbit Required : 
28.5' Inclination, 100 nm (185 km) Circular 
Typical On-Orbit Performance Available: 
65 ,200 lb. (29,484 kg) 
Design Constraint: 25,000 lb. (11,340 kg) Landing Wt. 
Spacelab Weight : 
Five 9.8 ft. (3.0 m) Pallet Segments 
7,602 lb. (3,450 kg) 
*Payload Available to User: (including Spacelab chargeable 
it ems) 
25,000 - 7,602 = 17,398 lb. (7,890 kg) 
(b) pressurized module only : 
Orbit Required: 
45' Inclination, 470 nm (870 km) Circular 
Typical On-Orbit Performance Available: 
30,000 lb. (13,600 kg) 
Design Constraint: 25,000 lb. (11,340 kg) Landing Wt. 
Spacelab Weight: 
2,127 Tunnel 
10,759 Support Section 
2,249 Experiment Section 
- 
390 Aft Bu 1 khead 
15,525 lb. (7,042 kg) 
*Payload Available to User: (including Spacelab chargeable 
it ems) 
25,000 - 15,525 = 9,475 lb. (4,298 kg) 
(c: pressurized module kith pallet 
Orbit Required : 
56' Inclination, 100 nm (185 km) Circular 
Typical On-Orbit Pcrfarmance Available: 
40,000 lb. (18,144 kg) 
Design Constraint: 25,000 lb. (11,340 kg) 1,anding W t .  
Spacolab Weight : 
2,032 Tunnel 
10,759 Support Section 
390 A f t  Bulkhead 
3,903 Three Standard Pa l l e t  segments 
17,084 lb. (7,749 kg) 
*Payload Available t o  User: (including Spacelab Chargeable 
i terns) 
25,000 - 17,084 = 7,916 lb. (3,591 kg) 
In the  examples given above, the  design constraint  associated with 
landing the  cargo payload i s  25,000 lbs .  The difference between the  design 
constraint  weight of 25,000 lbs. and the  t o t a l  landing cargo weight of 
32,000 lbs .  cons t i tu tes  a program reserve,  which i s  primarily intended t o  
provide f o r  additional cargo payload. For t h i s  reason the  cargo payload 
is  t rea ted  as 72,000 lbs .  i n  t h i s  study [4]. 
I t  should be noted tha t  the  Spacelab configurations represented i n  the 
preceding three examples were developed f o r  experimental work and do not 
represent the  kind of Space Material Processing Fac i l i ty  (SMPF) t h a t  w i l l  
probably be jn use during the  commercial phase of space processing a c t i v i t i e s .  
However, these configurations a re  suggestive of the  cargo capacit ies  of the  
Shut t le  where s o r t i e  f l i g h t s  a re  t o  be launched. Sor t ie  f l i g h t s  may be used 
i n  commercial applications of electrophoresis i n  space. 
The most densely traveled o rb i t  according t o  the October 1973 manifest 
w i l l  be 28.5' inc l ina t ion  a t  220 naut ica l  miles. This o r b i t  would allow for  
a cargo payload of approximately 32,000 lbs. This of course assumes t h a t  
the  e n t i r e  Orbiter  capacity i s  used t o  t ransport  cargo payloads. 
The key element i n  the  SSTS program is the  Shutt le .  The Space Shut t le  
consists  of a reusable o r b i t e r  vehicle,  twin rocket boosters t h a t  a r e  
reusable, and an cxpendahlc external propellant tank. The reusable o r b i t e r  
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and twin rocket boosters allows n cost  savings of approximately $14.1 million fo r  
the  12 year planning period over the  material requirements f o r  expcnilable 
rockets,  4 
f 
j Tho o r b i t e r  w i l l  c a r y  a bas ic  f l i g h t  crew of 3 persons and can carry 
I 
i n  addition from 1 t o  4 technicians and s c i c n t i s t s .  T,ie o rb i t e r  has a cargo t ! 
I bay 18 meters (60 fee t )  long and has a diameter of 4.5 meters (15 fee t ) .  
4 
t 
The cargo bay can accommodate a cargo load of 14,500 kilograms (32,000 lbs.) j 
f o r  a 220 nautical  mile due eas t  o rb i t .  
The overal l  funding requirements for t b ~ r  Shutt le  elements clf the  NASA 1 . :  i 
I Shuttle-Spacelab program mounts t o  approximately $7,417 b i l l i o n  (1971 1 
dol lars ) .  This r e f l e c t s  a development cost  of $5.394 b i l l i o n  and additional i 1 
I 
procurements of hardware and f a c i l i t i e s  amounting t o  $1.345 billi 'n.  The 1 
I 
hardware inventory fo r  t h e  Shut t le  por t  of  the  program includes : 151 
(a) 3 production o rb i t e r s  
(b) 2 refurbished o rb i t e r s  
(c) 4 production boosters 
(d) 2 development boosters ( i f  not expended during development). 
The turn around cycle f o r  the  Shut t le  is  estimated t o  require approxi- . t J 
matcly 160 hours from landing t o  launch. Deactivation, cargo removal, etc. 1 
w i l l  require approximately 10,hours; maintenance of the  Shut t le  85 hours, .! ! 
Shut t le  assembly 48 hours, and pre-launch systems checks, propellent loading, 4 
I 
e tc .  w i l l  require about 17 hours [6].This scheduling and hardware inventory f :  
-i 
would allow f o r  as many as two Shut t le  launches per week. 
2.3 Shut t le  Operational Costs 
Thc costs associated with the  operation 3f the  Space Shut t le  may be 
broken down in to  two groupings. Fixed costs  ref lec t ing  nnn-recurring 
developmont and in;?stment expenditures r e l a t ing  t o  the  Space Shut t le  and 1 ? 
the  f ixed and variable cos ts  associated with the operation of the  SSTS. 
I 
Fixed costs  &re expenditures tha t  do not vary with the  lcvcl of o;dorations 
and variable costs a re  expenditures tha t  vary with the  level  of Shut t le  
ac t iv i ty .  Figure 2-1 depicts  the  catagorics of costs  used i n  t h i s  report.  
An analysis of the  SSTS cos ts  is given f i r s t  becaise it is c lea r  tha t  they 
must be recovered through user charges levied on commercial space material 4 
processing a c t i v i t i e s .  A l l  o r  some portion of the  non-recurring investment 
charges associated with the  procurement and possibly with the  development of the  
Orbiters and the  launch f a c i l i t i e s  f o r  the  Orbiter  should a lso  be included 
i f  the  capi ta l  investment is t o  be amortized over the  12 year planning period. 
Since t h i s  analysis assumes tha t  SSTS users  a r e  pr iva te  firms (both foreign 
and domestic) these non-recurring costs  should a lso  be charged t o  the  user. 
Fai lure t o  do so  would involve subsidization of Space Shut t le  users by the  
amount of the  unallocated si te preparation costs and investment costs  of the 
Orbiter.  A case can be made f o r  not charging the ( f u l l )  development cos ts  
of the  Orbiter  t o  users  over the  planning period. I t  i s  cextain t h a t  the  
Orbiter  would have been developed i n  the  absence of any commercial space 
material processers and f o r  t h i s  reason the  Orbiter  deve1opi;lent costs  'can 
be reasonably treated as nonrecoverable expenditures. 
The payload systems shown i n  Figure 2-1 w i l l  not be considered i n  t h i s  
section. This element of the  SSTSts costs  refers  t~ the  Spacelab o r  t o  the  
Space Materials Processing F a c i l i t i e s  t o  be used i n  near-zero gravity 
environments. 
2.4 Calculation of Operating Costs 
The base l i n e  cost  per  f l i g h t  of  $10.45 million (1971 do l l a r9  f o r  
a t o t a l  of 439 f l i g h t s  does ilot include any procurement costs  of the  Orbiters  
o r  any development costs and r e f l e c t  the  following elements 171: 
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L ~ I U R C ~  Vnhlclr 
Ocvc lolrrcnt 
Cxpcri*cnt Car r ie r  
I)JVO loplldnt 
Exycrillcnt C a r r i e r  
t n v c s t ~ n t  
Shut t l e  Investment 1 
Spacecraft 
Dovelopent 
Spacecraft 
Invcst.cmt 
Refurbishment 
Ground Operrt i ons 
System 
Special  Service 
Equipnent 
Payload pecul iar  
F 1 igh t  Hardware 
Payload Integrat ion 
Fl ight  Opcrrtions 
Refurbishment 
Operations 
Range Support 
Operat ions 
Program Llanrgeclent 
Operations 
Program Management 
'DOCS not include D e p a r t a n t  of  Oofcnso spcnding f o r  t h e  
Shutt le .  
2 h c s  not include Orb i te r  procurement . 
FIGURE 2-1: TOTAL PROGRAM ELEMENTS FOR THE SPACE 
SfRfTTLE TRANSPORTATION SYSTEM 
Solid Rocket Booster 
External Ii2/O2 
Program Support 
Orbiter  Spare Parts  
! Ground Operations 
blain Engine 
Fuel 8 Propollants 
TOTAL 
$4.28 million 
2.31 It 
1.76 " 
1.40 " 
.27 " 
. 
.23 " 
.20 
b 10.45 " L 
The cost  of $2.31 m i l  l ion  per f l i g h t  f o r  the  external tank assumes 
tha t  the  production and maintenance of the  external tank w i l l  show an 854 
increase i n  eff iciency with each doubling of production over the  12 year 
time period, Tne assumption re la t ing  t o  the  external  tank is t h a t  only 
those tanks needed t o  meet the  operational requirements of the  t r a f f i c  
model w i l l  be required a t  the  launch s i t e .  The costs  associated with the  
external  tank are: 
(a) production cos ts  f o r  the  required tanks 
(b) spare par ts  
(c) t ransportat ion costs  f o r  the  tank from 
the  Michould Fac i l i ty  t o  the  launch si te 
(d) f a c i l i t y  maintenance a t  Michould 
(e) computer operations a t  S l i d e l l .  
The cost of $4.28 million per  f i i g h t  f o r  the  Solid Rocket Booster 
assumes 20 f l i g h t s  per  motor (or 19 reuses) m.J a 90 day turn around time 
from splash down through the  refurbishment process t o  delivery t o  the  
launch s i t e .  A four percent a t t r i t i o n  r a t c  is  assumed with 9 refurbishments 
per  l o s t  motor. Only the Solid Rocket Boosters needed t o  meet operational 
requirements w i l l  be a t  the  launch s i t e ,  The actual  costs  included i n  t h i s  
a re  : 
(a) product ion cos ts  
( 5 )  refurbishment cos ts  
(c) spare par ts  
(d) new recovery parachutes 
(e) t ransportat ion costs  f o r  i n i t i a l  and 
refurbished components t o  and from 
the  launch s i t e s  from the  Michould f a c i l i t y  
(f) a l l  costs  associated with monitering of the  contractors 
performance a t  the  Michould f a c i l i t y ,  
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The f l i g h t  cos t  for Ortjitcr Spre Par ts  :rtnounts t o  $1.40 millloll and 
r e f l e c t s  only hardware uscd i n  the program. 'Ilris c c s t  docs not include 
tire labor and i n s t a l l a t i o n  cos ts  of Orbi te r  components and p a r t s ,  
i 
f 
2. S Ground Operational Costs 
b ! 
The cos t  of ground operations amount t o  $.27 mil l ion  per  f l i g h t .  This j 
i 
es t imate includes a l l  manpower cos ts  a s o c i a t c d  with the  support o f  t h e  8 i 
Shu t t l e  system (Orbi ter ,  Space Shu t t l e  Main Engine, Sol id  Rocket Booster, I j 
and External Tank) as  well as t hc  manpower necessary f o r  r e t r i e v a l .  These f j 
cos t s  include : 
(a) personnel necessary f o r  t h e  performance of unique 
So l id  Rocket Rooster r e t r i e v a l  tasks  
(b) a l l  launch s i t e  based cont rac tor  
personnel supporting t h e  elements of t h e  Shu t t l e  
(c) refurbishment of Sol i d  Rocket Booster r e t r i e v a l  
parachutes 
(d) t he  f i n a l  i n s t a l l a t i o n ,  assembly and check out 
of  t he  Sol id  Rocket Booster performed a t  the  
launch s i t e .  
The cos t  per  f l i g h t  of  t h e  main engine element is  $.23 mill ion.  The 
cos ts  included i n  t h i s  est imate are: 
(a) ' spare p a r t s  
(b) major overhaul 
(c) t ranspor ta t ion  cos t s  between cont rac tors  
f a c i l i t y  and thc  launch s i t e s  
(d) Space Shu t t l e  Main Engine t e s t  support 
through FY82 
(e) propel lan ts  and gases used i n  acceptance 
t e s t i n g  of overhrrulcd Space Sliuttle Main Engines 
(f) Space Shu t t l e  Main Engine CSE provisioned 
space pa r t s .  
P 
Final ly t he  cos t  of fue l  and propel lan ts  per  f l i g h t  i s  estimated a t  
$.20 mill ion.  This cos t  includcs the  cos t  of a l l  consumable fuc l s  and f :  
propel lants  and thc  t ranspor ta t ion  cost  of movemcnts of fue l  from t h e  
producer t o  t h s  launch s i t e s .  bi :' 
I t  should be noted t h a t  tho averugo cost of $10.45 mil l ion fo r  439 
f l i g h t s  assumes one launch s i t e  only. Tlre use of  two launch s i t e s  would 
decrease the  cost  of f lying the  Shut t le  missions now proposed. The assump- 
t ion  of two s i t e s  reduces the  cost  per f l i g h t  of 439 f l i g h t s  t o  $9.06 million. 
a 
2.6 Methodology i 
i 
The method developed t o  es tadl i sh  the  cos ts  used i n  t h i s  study involves I 
I 
estimating expenditures f o r  pa r t i cu la r  elements of t h e  Shut t le  System. These 
costs  a re  based on parametric estimating techniques and do not r e f l e c t  de- 
t a i l e d  engineering estimates which would be used i n  establishing actual  
I I 
E 
budget requests. In addition, adjustments were made i n  the  cost  estimates 
t o  take i n t o  account productivity improvements t h a t  occur over time. The I li 
productivity improvements refer red  t o  here a re  not re la ted  t o  improved I 
technology but r a the r  r e f l e c t  increases i n  eff iciency brought about through 1 
the  routinizat ion of production a c t i v i t i e s .  This kind of productivi ty 
i 
improvement is charac te r i s t i c  of the  a i r c r a f t  and space indust r ies  and f o r  
t h i s  reason costs  estimates were adjusted t o  take i n t o  account t h i s  learning 
process. ~ e a k i n ~  curves of d i f f e ren t  degrees were used i n  adjusting cost  
data f o r  increases i n  efficiency. For the  base l i n e  f l i g h t s  refer red  t o  
e a r l i e r ,  an 85 and 95 percent learning curves were .:sed. An 85 percent 
I 
r 
f 
learning curve means tha t  the  cumulative al:erage cos ts  a r e  reduced a t  a 1 
constant r a t e  (85 percent of t h e i r  previous level) each time output doubles. i 
I 
In the  case of a 100 percent l e a n i n g  cuwe costs  would not be a l t e red  a s  i 
o r e s u l t  of ' l leaminglt as  output is  doubled. In t h i s  study costs  were 
calculated on the  basis  of several  learning curves. 
This study w i l l  assuwe tha t  only the  Florida s i t e  w i l l  be used i n  space 
proccssing, The use of both the  western and eas tern  launch s i t e s  would be 
m ,  
, 1 associated with 1agcr cos ts  pcr f l i g h t .  Ilowcver, it i s  assu~ncd tha t  most 
of the  space proccssing f l i g h t s  will bo low orb i t  Q l i  glrts. Tllc Florida launch I 
s i t e  a t  Cape Kennedy would socm t o  be thc  aypropriatc operational base f o r  ! 
t 
space processing a c t i v i t i e s .  Tho high density t r a f f i c  o r b i t  fo r  the October \ I 4 1973 Shutt le  t r a f f i c  model is 220 nautical  miles with a 28.5 degree inclina- i i i 
2.7 Total Cast Curves 
To determine the  ef fec t  o f  d i f f e ren t  levels  of Shut t le  a c t i v i t y  on the  
average costs  of operation of t h e  S!XS t o t a l a t h e  average cost  curves f o r  
the 12 year planning period were calculated on the  bas is  of the  following 
levels  of  Shut t le  ac t iv i ty :  
Total Fl ights  : 144 240 360 480 672 720 840 984 
Flights  Per Year: 12 20 30 40 56 60 70 82 
The t o t a l  number of f l i g h t s  were assumed t o  be d is t r ibuted  evenly over the  
12 year planning period f o r  each of 8 levels  of ac t iv i ty .  Average annual 
t o t a l  cos ts  f o r  each ac t iv i ty  level  were calculated and curves were f i t t e d  
t o  these points  (see Figure 2-2) . Average annual t o t a l  costs  were discounted 
using 0, 5, 10 and 15 percent discount ra tes .  The discounting process 
allows economic a l te rnat ives  a t  0,  5, 10 md 15 percent t o  be taken in to  
account i n  calculat ing cos ts  f o r  tlre 12 year pla~lning period. The various 
hypothesized levels  of Shu t t l e  a c t i v i t y  involve the  committing of resources 
t o  the  space program ra the r  than t o  other  uses. The costs of these  resources 
should be discounted t o  take i n t o  account the  return on these forgone 
opportunities . 
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upon a rider of variables including thoso l i s t ed  balou 
(a) o rb i t  elevation 
(b) number of launch sites 
(c) learning curve 
(d) number of f l igh ts  
(8) the discount r a t e  
(f) f l igh t  distr ibution over the 12 year period. 
In th i s  study oaly factors (d) and (e) are allowed to  vary. The nuutber of 1 : 
f l ights  and the discount ra te  a m  the most c r i t i c a l  values for  an economic 1 :  
analysis of space material processing ac t iv i t i es  (see Figure 2-2). 
In t h i s  study the SSTS costs w i l l  be discounted a t  zero, five, and ten 
percent discount rates. Anexplanation of the choice of the discount rates 
i s  included in  Appendix 2-1. 
2.8 Ql culations 
The to ta l  w s t s  of the SSTS w i l l  vary greatly with the level of f l igh t  
act ivi ty  undertaken over the 12 year planning period. Table 2-1 re la tes  
t o t a l  average and marginal costs fo r  levels of f l igh t  act ivi ty  ranging from 
12 t o  82 f l ights  per year. The presently planned inventory of equipment 
fo r  the SSTS ,limits shut t le  act ivi ty  t o  about two f l igh ts  per week as 'a  
maximum. Table 2-1 shows cost calculations in  terms of 1971 dollars over 
the 12 year period f o r  different levels of Shuttle activity.  The costs i n  
t h i s  table are not discounted, 
The second degree t o t a l  cost curve has the following forr: 
2 (1) TCO = 1298,391 + 7.899 X - .00@1 X where, 
TCO - t o t a l  costs not discounted and i n  millions of 1971 dollars 
X = t o t a l  number of f l ights .  
Since the t o t a l  cost surve i s  approximately linear, the marginal o r  incremental 
cost fo r  each additional f l i gh t  is nearly constant and oqual t o  about $7.810 
million for  445 fl ights.  Fixed costs are approximately $1298.391 r i l l i a n .  
I t  should bc notcd tha t  the  maximum wciglit of tho Space Shuttlo d i f f e r s  
f o r  the  launch and return phases of tho f l iglr t .  Tha Shut t le  has a m a x i m  
cargo launch weight of 65,000 lbs. ,  however,. the r c t u r ~ r  cargo weight maximum + i 
f o r  the  velricle i s  only 32,000 lbs, If we assumo a 12 year level  o-' a c t i v i t y  j 
of 37 f l i g h t s  per  year tho cargo pbyload cost per pound for a launch would ' 1 
be $326, 
Discounting the  average annual costs  associated with the  d i f fe ren t  levels  I 
of Shut t le  a c t i v i t y  using a 5 percent in te res t  r a t e  produces a d i s c o ~ ~ n t e d  I 
t o t a l  cost curve tha t  has the  form: 
2 TCS = 999.6052 + 6.0874 X - 0.0006 X where. 
TCg = t o t a l  cost discounted by 5 percent and i i ~  mi l l ions  of 
1971 dol lars  
X = t o t a l  number of f l i g h t s .  f 1 
In t h i s  case the  discounted fixed cost  is  $999.6 million and the  marginal 
cost per f l i g h t  is ~pproximately $5.6 million f o r  445 f l i g h t s .  The data  
upon which the  5 percent Discounted Total Cost Curve is based is shown i n  
Table 2-2, I i
The disiounted average cost  per pound fo r  a 5 percent i n t e r e s t  r a t e  
fo r  445 f l i g h t s  i s  $253 per  pound. 
The 10 percent Discounted Total Cost Citrve n?s tile form: ! 
2 t 
= 765,6162 + 5.1032 X - 0.0007 X where, i T C 1 ~  1 i 
TCIO = t o t a l  cost discounted by 10 percent and i n  millions of  
1971 dol lars  
X = t o t a l  number of f l igh t s .  
The above equation is  based on data  found i n  Table 2-3. Using a 10 percent 
discount r a t e  fixed cost  is $165.6 million and the  marginal cost  per  f l i g h t  
is about $4.48 mil l ion for 445 f l igh t s .  Thc discounted average cost  per 
pound f o r  a 10 percent i n t e r e s t  ro te  fo r  445 f l i g h t s  is $203. 
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A 15 percent 1)iscountcJ Total Cost Curvc has t h e  form: 
TC15 = 705.6653 + 3.9353 X - 0.0003 x2 where, 
TC15 = t o t a l  cos t  discountccl by 15 pcrccnt and i n  rnill ions of 
1971 do l l a r s  
X = t o t a l   lumber of f l i g h t s .  
4 
Table 2-4 presents  t he  da t a  i n  t abu la r  form upon which t h i s  equation is  
based. Using a 15 perccnt i n t e r e s t  r a t e  fixed cos t  i s  $705.5 m i l l i m  and 
the  increasc i n  cos t  f o r  each addi t iona l  f l i g h t  is  approximately constant 
and equal t o  $3.67 mil l ion f o r  445 f l i g h t s .  The discounted average cos t  
per  pound for  a 15 percent i n t e r e s t  r a t e  f o r  445 f l i g h t s  is $170. 
In order t o  take i a t o  account the  a l t e r n a t i v e  case of resources both Costs 
and revenues must be discounted f o r  t h e  12 year  planning period used i n  t h i s  
analysis .  This analysis  assumes t h a t  t o t a l  cos ts ,  f o r  each leve l  of a c t i v i t y ,  
w i l l  be spread evenly over t h e  12 year planning period. In  t h i s  analysis  
average annual t o t a l  cos ts  a r e  discounted f o r  each l evc l  of SSTS ac t iv i ty .  
This was done because it was assumed t h a t  t h e  S h u t t l e  would be run on a 
regular  operating schedule during the  commcrcinl phase of space matcr ial  
processing . 
I t  should be noted, however, t h a t  NASA's annual funding requirements 
i r .  b i l l i o n s  of 1971 do l l a r s  range from $3.375 b i l l i o n  i n  1980 t o  $2.189 
b i l l i o n  i n  1990 [8JExcept f o r  1987 and 1988 NASA's annual funding requirement 
trends down f o r  every year over t h e  12 year planning period used f o r  t h i s  
i analysis .  This suggcsts t h a t  t he  discounting of  a constant stream of annual 
expenditure f o r  t he  khole 12 year  period is a conservative est imate of d i s -  
t 
1 
,a 
counted t o t a l  cos ts  f o r  each lcve l  of SSTS a c t i v i t y .  
The prcceeding cos t  ana lys i s  d e l t  with operat ing cos t s  of the  SSTS, I I 
However, these  cos ts  do not include t h e  non-recurring investment cos ts  f I ! 
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associ:ited with the SSTS program. 'I'hcse costs inclucle Sl~uttle investmcnt, 
exporimcnt carrier dcvclopmcnt and invcstmcnt, groutid facilities and lntutch 
vchiclc devclopmcnt. Howcvcr, the Dcpartment of Dcfense Syscc Shuttle 
requirements arc cxcluded from this estimate. The non-recurring investmcnt 
I i 
relating specifically to the shuttlc and its associated ground facilities I 1 
is $7.8 billion. 
2.9 Non-recurring Investmcnt and Development Costs 
The non-recurring investment and development expenditures will be 
concentrated in Fiscal Years 1975 through 1980. These are fixed costs that 
will be incurred rcgardless of the level of Shuttle operating activity. All 
or some part of these expenditures should be included in the analysis of the f 
t 
space material processing activities because a commercial operation in space 9 i 
should cover not only operatirrg costs but alsg should cover the cost of i 4 f 
amortizing some part of NASA's Shuttle investment costs. I 
Table 2-5 presents the maximum non-recurring investmcnt and dcvelopment 1 
expenditures to be allocated to different levels of Shuttle activity for 1 
discount rates ranging from zero to 15 percent. These investment costs 1 
J 
should be added to operating costs to determine the maxi~aum SSTS costs of 1 
operation and capital amortization. If all invcstmcnt costs are tssumcd 
to be made during the initial year of the program, then the investment costs 
should not be discounted. 
However, it sl~ould be noted that the $ 7 8  biilion dollars ( shown in Table 
2-5) prinarially reflects devclopment expenditures. The estimated costs 
of the five NASA Orbitors only and their associated ground facilities amounts 
to $1345 million, The unit cost of an Orbitcr is estimated to be $250 
million. For purposes of calculating the mj.nimum costs of operating and 
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TABLE 2-6: AVERAGE AYZIIUAL 'IVTAL COST FOR 
DIFFERENT LEVELS OF SPACE SHUTTLE ACI'CVITY 
IN 1972 DOLLARS 
ANNUAL AVERAGE ANNUAL 
FL1;HTS 'RITAL COST 
(S 1,000,000) 
amortizing the SSTS over the 12 year pl  nnning period, non-recurring develop- 
ment expcnditurcs associated with tho Orbiter, Department of Defense invest- 
ment in Orbiters, Space Tug development and investment expenditures, and 
. 
Spacelab expenditures for development and investment are excluded from this 
analysis. a 
In this minimum cost analysis only the non-recurring investment costs 
of the Orbiter and its support ground facilities are included as fixed 
elements of transportation costs of the SSTS. Only $1345 aillion is included 
as capital amortization of the SSTS. This outlay will not be discoynted 
as it is assumed that this investment spending will be made at the beginning 
of the planning period. The average cost per pound incurred for the recovery 
of the non-recurring investment expenditures charged to the SSTS for Space 
processing activities would be $42 for a 82 flight per year level of Shuttle 
activity. Cost data for the Orbiter and associated ground facility invest- 
ment is given in Table 2-7. 
The minimum total operating and amortization costs charged to the SSTS 
for purposes of calculating total cost of the SSTS, as it relates to space 
processing (for a S percent rate of discount), are given in Tables 2-3 
and 2-7 of this section of the report. Assuming a level of SSTS activity 
of 82 flights pe- year, the operation cost net of Orbiter and related 
facility investment would be $202 per pound of cargo payload. The minimum 
total operating and capital amortization costs of the SSTS, as it relates 
to material space processing, would be $244 per pound of cargo payload. I f  
the full costs of amortizing all development expenditures associated with 
the SSTS was taken into account the maximum charge per pound, at 5 percent 
discount rate and 82 flights per year would be $246. The corresponding 
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n~aximtun cos ts  of operating and amortization of tlre SSTS r~ould be $545 
pcr pound of cargo payload. I t  should be noted t h a t s i n c u  the  cost  strcams 
involved here are  t o  be undertaken by the  public sec tor ,  the  appropri:~tc 
r a t i o  would probably f a l l  somewhore between 5 and 10 percent. I t  would 
a lso  appear ressonablc t o  assume a high level of space t ict ivi ty,  perhaps 1 
82 f l i g h t s  per  year. Since the  development cost of t h i s  Orbiter  would have 
been incurred regardless of whether space processing ve loc i t i e s  a rc  under- 
taken o r  n o t .  it would seem reasowble not t o  include the  $246 of development 
costs  i n  the  cost per  pound ca lc~r la t ions .  That i s ,  using the  above assump- 
t ions ,  a minimum t o t a l  operating, and cap i t a l  amortization costs  of the  SSTS 
of $244 would appear t o  be appropriate, 
Tile cost al locat ions t o  space material processing a c t i v i t i e s  f o r  
purposes of determining minimum operating and amortization costs  of the  
SSTS are  bascd on the proportion of cargo payload capacity of  the  Orbiter  
.required by the  user . .  However, t h i s  is only one of several  ways tha t  
might be used t o  make such cost  al locat ions.  We are  assuming i n  t h i s  paper 
tha t  jo in t  t ransportat ion services a re  produced by the  operation of the  SSTS. 
The Orbiter  w i l l  be used f o r  near-zero gravity experimental work i l k  space 
and scne residual  payload capacity w i l l  be available f o r  materials processing 
i n  space. I'he question natura l ly  a r i ses  as  t o  what user  charges w i l l  be 
made fo r  space material processing a c t i v i t i e s .  
The method of a l locat ing  jo in t  costs  t o  multiple a c t i v i t i e s  o r  uses 
recommended by the  Engineers Jo in t  Council suggests +hat  jo in t  costs  be 
allocated on the  bas is  of the  proportionate use of capacity.[9]I"he propor- 
t ionate  use of capacity method of a l locat ing  costs  has been used i n  t h i s  
analysis as  a f i r s t  attempt a t  calculat ing costs  of the SSTS t o  spec i f i c  
it ignores the  bcnef i t s  gcncratcd by thc  respective users. I t  may be 
argued that  a user charge ought t o  take i n t o  account the  a b i l i t y  t o  pay o f  3 
the  user,  which i n  turn r e f l e c t s  the  benef i t s  t o  the  user  of space materials j 
processing. In this analysis the  proportionate use of capacity is simply i 
I 
employed as  a rough guideline t o  a l locat ing  costs  t o  a l l  space msterial  
process users on the  bas is  of the  cost per  pound of cargo movements. This 
is not t o  say tha t  the  user  charges should be fixed i n  t h i s  way. 
The economic approach t o  f ix ing user  charges suggests tha t  benef i t s  
of the  a c t i v i t y  ought t o  be  taken i n t o  account on pricing the  SSTS transpor- 1 
t a t ion  service. A generally accepted method of cost  al locat ion used t o  f i x  
user charges is  the  spec i f i c  casts-remaining benef i t s  principle.  In t h i s  
approach a l l  speci f ic  costs  t h a t  r e l a t e  t o  a pa r t i cu la r  use are  charged i 
against t h a t  use, and net ted out of the  benef i t s  associated with t h a t  use. ! B 
The user benef i t s  a re  calculated net  of the  a l t e rna t ive  cos ts  of  ear th  i 
based production. I f  no a l t e rna t ive  f o r  space production ex i s t s  on :th 
then the  user  benefi ts  a re  taken net  of any spec i f i c  costs.  J o i n t  cost  
are al located proportionately t o  the  net  benef i t s  of the  space processing 
users.  
1. Sliuttle U t i l i za t ion  Flnrirlitlg Cff i c e ,  "The Octclbcr 197s Sp;lce Shu t t l c  
Trof f i c  Nodel," blorsllal l Spacc I: 1 igkt  Center , YASA Tcclitiical 
Memorandum 64751, January 1974. 
2.  Committee on Science and Astroniluti c s ,  "Spacc Shu t t l e ,  Spacc Tug, ~ ~ o l l & -  
Soyuz Test Project-1974," U.S. Ilouse of Reprcscntcltives, 93 ed. 
Congress, 2 ed. Session (Wushin~,ton: GPO, 1;ebruary 1974), p. 54. 
3. I n t e r i m  Spacelab Reiere~lce Document, Spaceloh Program Office,  
George C. blarshall Space F l ight  Center, April 18, 1974. 
4. Unpublished memorandum from the  Director ,  Spacc Lab Program t o  the  
Director ,  Engineering and Operations da t a ,  June 6 ,  1974. 
5. Shu t t l e  U t i l i za t ion  Planning Off ice ,  "The October 1973 NASA Mission 
Model Cost and Economic Analysis," Marshall Space Fl ight  Center, 
NASA Technical Memoraiidum 64802, January 1974, p. 16, 
6. Committee c.: Science and Astronautics,  "Space Sl iut t le ,  Space Tug, 
Apollo-Soyuz Project-1974," U.S. House of Representatives,  93 ed, 
Congress, 2 ed. Session (Washington: GPO, Fcbruary 1974). p. 539. 
t 
7. Unpublished mater ia l ,  presentat ion of Space Shu t t l e  Costs per  F l igh t  
t o  tho Gcneral Accounting Officc,  Decenber 1973, 
8, Committee on Science and Astronautics,  "GAO Report on Analysis of 
Cost of S ~ a c e  Shu t t l c  Program," U.S. flousc? of Heprescntatives, 
93 ed. Congress, 1st Session (Washington: GPO, June 26, 1973), 
p.  60 . in  Appendix 11, 
9. O.C. tlerfindalrl and Allen V. Knccse, Economic Tlieory of Natural 
Resources, Columbus: Charles E .  Merr i l l  Publishing Company, (1974), 
-- 
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llle prcscnt value of the cost stream associated with the  SSTS may be 
givcn by the following statement: a 
t 
b 
- 
1 
(a) PVO = ( 1 Tr C wl~cre we have a cos t ,  C ,  occurring periodical ly f o r  I j 
"j 
n time periods st a discount r a t e  of r. Howevcr, we want t o  access tho 'B 
5 
jf present value of a stream ~f income t h a t  goes on every moment of time. A 
statement of t h i s  continuous movement can be developed i n  the  foilowing way. [l] 
1 
- 
We define a number, e ,  a s  the  l i m i t  of the  expression [ 1 + n )" as n approaches j 
i n f in i ty .  A cost stream, C,  invested f o r  n years a t  a r a t e  of i n t e r e s t ,  r, 
with continuous compounding y ie lds  a present value of: 
(b) PV, = e - rn 
'n 
where C = 2.718. 
The PV of the  cost  stream w i l l  be sens i t ive  t o  changes i n  the  discount r a t e  0 
as shown below: 
In order t o  evaluate the  impact of a stream of expenditures taking 
place over a period of time the  cost  should be discounted f o r  two reasons, 4 1 
Individuals may prefer  current consumption t o  future consumption; therefore,  1 
:i ? 
any expenditure tha t  de t rac t s  from consumption, present and fu ture  ought t o  
0 
be discounted. Secondly, the  generation of any stream of expenditures is C 
associated with an opportunity cost.  I f  cap i t a l  funds are  limited spending 
f o r  one project  moans the  s a c r i f i c e  of soma other  a c t i v i t y ,  e i t h e r  i n  the  
public  o r  pr iva te  sector .  In calculat ing a discount r a t e  both reasons f o r  
discounting a re  usually taken i n t o  account. The exact mix of these two forces 
a r e  usually weighted according t o  the source of funds used t o  finance the  
cost  s t r e m - - t h a t  is the  funds way h:we been drawn from consumption, savings, 
36 
or miry rcf loc t  user changes and therefare ought t o  perhaps be associated 
with d i f fe ren t  discount ra tes .  Tine actual  discount r n t e s  t ha t  a r e  normally 
uscd r e f l e c t  observed market in te res t  rates .  
The appropriate r a t e  of discount fo r  evaluating the  stream of Space 
Shutt le  costs  depends upon the  method of financing NASA expenditures, I t  ' 
is assumed tha t  the costs  of opc;ating the  SSTS w i l l  be drawn from several  
sources (a) user charges, (b) tw  revenues (drah.n ultimately from consumption 
and saving), and (c) bond sa les .  Table 5-A-1 shows a possible revenue 
pat tern tha t  might be used t o  finance the  operation of the SSTS. 
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2.12 Footnotes: Apporrdix 
1. William 3. Bnwnol, Economic Theory and Operations Analysis, 5;  .3 
Edition, Englcwood Cliffs: Prentice-Hall, inc., (1972), zj. 449. 
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3. COSTS AND BENEFITS OF TURBINE BLADES 
3.1 Introduction and Summary b 
The purposes of t h i s  study are:  
a. To determine if  s u i t a b l e  demand f o r  a space processed turb ine  blade 
w i l l  e x i s t  and est imate t he  extent  of  demand f o r  the  period 1980- 
1992. 
b. To estimate t he  d o l l a r  bene f i t s  t o  be derived from incorporation 
of  such an advanced technology turb ine  blade. The technological 
assumptions u t i l i z e d  f o r  t h i s  study are :  
1. For ex i s t i ng  a i r c r a f t ,  an added 200° temperature tolerance 
from t h e  space processed blade with average blade l i f e  
doubled and f u e l  consumption reduced by 4%. 
2. For new a i r c r a f t  the increased e f f i c i ency  w i l l  be incorporated 
i n  increased t h r u s t  o f  10% and increased payload of  20%. 
c. To provide a reasonable est imate of some of t he  costs  of production 
. :  
, I 
t h a t  may be expected under space processing procedures. 
d. To determine i f  turb ine  blades a r e  a l i k e l y  candidate f o r  space 
processing. 
e. To examine some of  t he  poss ib le  technologies Tor space production 
of turbine blades and indica te  where tecl~nologi  c a l  development 
is needed. This port ion of t he  study i s  presented separa te ly  
i n  Section 4.0. 
3.1.1 Findings 
a. There w i l l  be an adequate demand t o  j u s t i f y  production of space 
processed blades both from a quant i ty  and benef i t s  derived stand- 
40 
poin t .  Quantities demanded (Tables-5,Col. 6) could bcgin i n  1980 
a t  121,957 f o r  f i v c  years and r i s e  a f t e r  t h a t  f o r  U.S. commcrcial 
a i r l i n e s  alone. For da t a  purposes t h i s  study was confined t o  t h e  
po ten t i a l  demand from U.S. commercial a i r l i n e s .  When o ther  users  
and appl icat ions a r c  considercd these  f igures  could be considerably 
la rger ,  perhaps by three  times as much o r  more. Economies of 
s c a l e  may reduce t h e  cos ts  an t ic ipa ted  i n  t h i s  study a s  addi t ional  
space f ac to r i e s  a r e  put i n t o  operation. 
b. The benef i t s  f o r  use of t he  space processed blade a r e  computed 
t o  be $991.50 per  blade over i ts  an t ic ipa ted  7.5 year l i f e t ime  
when u t i l i z e d  a s  replacement blades i n  ex i s t i ng  a i r c r a f t .  For 
new a i r c r a f t ,  which could be designed t o  f u l l y  u t i l i z e  t he  techno- 
log ica l  advances with increased payload capacity,  t he  value pe r  
blade would be over $21,000 over t he  7.5 year  l i fespan.  
c. A res idua l  fac tory  cos t ,  which t e l l s  t he  maximum allowable amount 
t h a t  could be invested i n  t h e  development, launch, and d i r e c t  
operat ional  cos ts  of t he  space fac tory  was computed under three  
separa te  assumptions : 
1. Assuming the  t ranspor t  weight of t he  mold, rack and reinelt 
blade mater ials  t o  be 1.5 lbs .  (680.4 gm.) per  blade, the  
res idua l  fac tory  cos t  would be $369,482,727. This est imate 
i s  regarded as  the  bes t  weight estimate.  
2.  Assuming the  t ranspor t  weight of the  mold, rack and remelt 
blade mater ials  t o  be 2 lb s .  (307.2 gm.) per  blade, t he  
res idua l  fac tory  cos t  is $113,428,182. This est imate is  
regarded a s  a high weight estimate.  
3. Assuming the  t ranspor t  weight of  the  mol;l, rack and remelt 
blade mater ia l s  t o  be 1 lb .  (453.6 gm.) per  blade, t he  res idua l  
factory cost  i s  $625,540,909. This est imate i s  regarded a s  
a low weight est imate.  However, by subs t i t u t ing  a manned 
operation, such t h a t  permanent molds a r e  kept a t  t he  factory 
t h i s  weight may be f eas ib l e .  I f  so,  n d i f f e r e n t i a l  of $256,058,182 
f o r  purposes of manned operation would bc available over the  
best  weight estimate. For the  heavy weight estimate $512,116,364 
would "U freed f o r  manned operations. 
d. The t o t a l  do l l a r  savings t o  U.S. commercial a i r l i n e s  f o r  100% 
adoption (over a ten  year period) would be 4.381 b i l l i o n  dol lars  
f o r  the  10 year period 1980-1989. For the  13 year period 1980- ' 
1992 t h i s  f igure  would be 6.618 b i l l i o n  dollars .  
e. Substantial  fue l  savings would be real ized.  Per year saving i n  
fue l  use would 111.7 mil l ion gallons i n  1981 and r i s e  t o  990.4 
million gallons by 1992 using the  adaption schedule assumed. For 
i 
the  12-year period (1981-1992) the  fue l  savings would amount t o  5 
t 
6.522 b i l l i o n s  of gallons ~f j e t  fuel.  This savings is a l l  t he  $ 
5 
more important i n  l i g h t  of the  recent and continuing energy c r i s i s .  4 1 
1 In  addition, the  importation of o i l  creates serious problems f o r  4 
t he  U.S. balance of payments. Any reduction of fue l  consumption i 4 
levels  from what would have been generated desirable movements i n  
3 
3 
the  balance of payments posi t ion of the  U.S. s 
t 
. b 
f. Tu$ine blades f o r  a i r c r a f t  appears t o  be a viable candidate' 5 
f o r  space processing providing tha t  the  prociuct can be manufactured 
t 
i 
J 
t o  provide the  assumed technological advance. Development, launch 1 
and d i rec t  operztional cgsts  could exceed $369 mil l ion do l l a r s  i 
t 
(best estimate) and p r d u c e  with a raasonable re turn  on investment. i 
g. Calculations contained herein are  based on a potent ia l  s e l l i n g  p r i ce  I 
of $991.50 f o r  the  turbine blade. This i s  the  p r i ce  f o r  new a i r -  
1 4 
i 
c r a f t  blades a s  well as  replacement blades. Should space manu- 1 
facturing prove unfeasible f o r  replacement blades, two a l ternat ives  
f 
remain thitt would s t i l l  make space processing of turb ine  blades 
p o t e n t i a l l y  feas ib le :  
1. The appreciably higher va lve  f o r  new a i r c r a f t  blades would 
make poss ib le  p r i c e  discr iminat  ion between rlew a i r c r a f t  blades 
and replacement blades. A higher than cos t  p r i c e  could be 
charged f o r  new a i r c r a f t  blades,  subsidizing a lower than 
cos t  p r i c e  f o r  replacement blades. 
2. Production could bc l imited t o  blades f o r  new a i r c r a f t  only. 
In  t h i s  event, t h e  l ikel ihood o f  a much higher r a t e  of 
replacement f o r  ex i s t i ng  a i r c r a f t  is  high, s ince  the  po ten t i a l  
savings from newer a i r c r a f t  would be large.  
3.2 Analysis of Poten t ia l  Demand 
3.2.1. Introduction 
"or t h e  manufacturine of tu rb ine  hlades i n  snace t o  be economical, a 
several  conditions must b e  met! 
a. The hlades must have a hiah value r e l a t i v e  t o  t he  b l a d x  
cur ren t ly  i n  use,  s ince  the  cos t  06 manufacturine such blades 
w i l l  be sevcrdl times la rger  than the  ea r th  nrocessed blades.  
b. A need f o r  r e l a t i v e l y  la rge  o u a n t i t i e s  should be  demonstrated. 
c. Costs,  which w i l l  be  borne bv t h e  nroducer must be  l e s s  than 
t h e  benef i t s  t o  t h e  vo ten t i a l  buyers. 
The present study w i l l  es t imate the  t o t a l  po ten t i a l  demand f o r  tu rb ine  
blades of t h e  commercial a i r l i n e  f l e e t  of t h e  United S ta t e s  beginning 
with the  year 1980 and ending with 1992- The premise involved is  t h a t  i f  
su f f i c i en t  demand can be generated from t h i s  source alone, t he  t o t a l  demand 
w i l l  be merely some mult iple  of the  s u f f i c i e n t  demand but have no fu r the r  
bearine on the  f e a s i b i l i t v  of t h e  production. 
The foliowine assumntions a r e  used i n  t he  comnutations: 
a .  Average blade life--9300 hours f o r  conventiona 1 blades [I]  . 
b. Pveraae blade life--18000 hours f o r  space nrocessed blade 
c. Engines of t h e  c l a s s  .TT8D-7 (P ra t t  and Whitnev) a r e  u t i l i ~ e d  
f o r  a l l  tu rb ine  j e t s  not c l a s s i f i e d  a s  "jurnbol1 j e t s  
d. Snace nrocessed blades f o r  .TT8Dm7 engines a r e  required onlv f o r  
t h e  1 s t  s t aqe  of the  high pressure turbine.  (80 blzdes per  
engine) 
e. Engines of t he  c l a s s  JT9D ( P r a t t  and Whitne\p) a r e  u t i l i z e d  f o r  
a l l  "jumbo1' j e t s  
f .  Space processed blades fo r  .TT9D engines a r e  recluj red f o r  1 s t  
and 2nd s tages  (both a i r  cooled) of t h e  high nrcssure turb ine  
(116 and 138 hlades respcc t ive lv)  [2]. 
g. The average blade i s  asqumed t o  weigh 6.75 ounces (191.36 gms). 
This is  thc  approximate weight of the  1 s t  s tage  turb ine  blade 
current l ,  used i n  the  JT8D engine. Rea l i s t i ca l ly ,  blades o f  
varying s i z e s  and weights w i l l  be required t o  make production 
feas ib le .  This blade was chosen t o  simplify est imates  because 
it represents  a l a rge  port ion of the  bladcs ourrent ly i n  use 
t h a t  a r e  po ten t i a l  candidates f o r  space processing. 
h. The average enRil;e time use is 200 hours pe r  month. L 
i.  Replacement o f  ex i s t i ng  blades begins i n  1980 with 3 replacement 
r a t e  of  101 pe r  year of the  e x i s t i n g  stock of blades i n  use, 
By the  year 1990 a l l  commercial a i r c r a f t  a r e  assured t o  u t i l i z e  
space processed blades.  
j. When space produced blades wear out,  they a r e  replaced by 
space processed blades . 
k. The projected r a t e  o f  growth of  engines i n  use is very modest. 
The pro jec t ions  made by the  Federal Aviation Agency [3] a r e  
u t i l i z e d  u n t i l  1981. Beyond 1981 the  number of engines i n  use was 
assumed t o  increase l i n e a r l y  and projected foward t o  1992. The 
r a t e  of  increase of  engines i n  use i s  3.08 f o r  1982 and decreases 
mildly each year  t o  2.59% i n  1991. 
1. Production cos ts  a r e  absorbed by the  producer. As such he 
normally must be ab le  t o  recover these cos ts  i n  d i r e c t  
benef i t s  i n  production. These benef i t s  may take the form of  
added revenue o r  lower cos ts  i n  some o the r  area.  For 
purposes of t h i s  study we s h a l l  examine only the d i r e c t  bene f i t s  
t o  the  a i r l i n e  industry and assume t h a t  they a re  w i l l i ng  t o  
pay t o  receive these d i r e c t  benef i t s .  
This' study i s  designed t o  est imate the f u l l  cos ts  and bene f i t s  
o f  the  space production of  tu rb ine  blades.  A s  such, it  assures  
t h a t  space processed turbine blades w i l l  be processed only i f  
they a r e  so ld  a t  a p r i c e  t h a t  f u l l y  recovers cos ts .  This 
approach has one d i s t i n c t  advantage. 
The advantage i s  t h a t  the procedure est imates  whether production 
under p r iva t e  en t e rp r i s e  could be commercially f ea s ib l e ,  i f  NASA 
were f u l l y  reimbursed f o r  t ranspor t  cos ts  of the  operation. 
Under such a plan the  f u l l  cos ts  of bui lding,  launching, and 
operat ing a space factory would be borne by the  commercial 
producers. No subsidy is  provided f o r  production. 
Should some subsidy of  an operation be desired,  cos t s  t a  the 
producer would be f u r t h e r  reduced. Such a subsidy would probably 
be most l i k e l y  i n  the  form of  space ava i lab le  on c e r t a i n  scheduled 
f l i g h t s .  However, t h i s  approach has one major drawback. A t  
t he  leve ls  of an t i c ipa t ed  dzmand out l ined  i n  t h i s  s tudy,  space 
avai lab le  would not l i kc ly  be s u f f i c i e n t  t o  provide t ranspor ta t ion  
f o r  the  turb ine  blade space operation. tience, spec ia l  f l i g h t s  
would be ncccssary i n  any casc. Otherwise, o u f  f i c i e n t  production 
leve ls  could not be maintained t o  meet demand, c rea t ing  a 
ra t ion ing  problem. The view taken i n  t h i s  study i s  t h a t  space 
ava i lab le  on scheduled missions could more benef ic ia l ly  bc used 
b io logica l  o r  c r y s t a l  producers. 
6 
3.2.2 Methodology 
The methodology followed i n  t h i s  study is out l ined by the  Figures 
3-1 through 3-7. 
a. The primary assumptions a r e  given by Figure 3-1. 
b. Figure 3-2 ou t l i nes  the  method used t o  obta in  t h e  f igures  f o r  
t o t a l  tu rb ine  blades i n  use. The primary source of o r ig ina l  
da t a  is  the  Federal Aviation Agency's Aviation Forecasts f o r  
Fiscal  Years 1975-1986. These i i gu res  were extended t o  1992 
by assuming t h a t  t h e  l a s t  two years (1985 and 1986) d i f f e r e n t i a l  
would be continued u n t i l  1992. This is a l i n e a r  extension from 
the  l a s t  LWO ycars.  I t  was f u r t h e r  assumed t h a t  the  percent 
of jumbo j e t s  would be 21%. This allowed computation of the  
t o t a l  number of tu rb ine  blades i n  use as  presented i n  Table 3-3. 
A l l  of these computations were made assuming no space processed 
blades were produced. 
A second s e t  of computations, given i n  Table 3-4, was then 
calculated t h a t  assumed production of space processed blades.  
Since payload is assumed :-o increase  20%, t he  number of new 
a i r c r a f t  was a l s o  reduced by 20%. Cornputat ions  were s imi l a r  
beyond t h i s  point  t o  ca lcu la t ions  f o r  Table 3-3. 
c. Figures 3-3A and 3-3B show the  elements used t o  ca l cu la t e  t o t a l  
po ten t i a l  demand. Three separa te  computations were made and summed: 
(1) Blades f o r  newly produced a i r c r a f t  (new plane blades) 
(Figure 3-3A),(2) Replacement blades t o  replace ea r th  produced 
blades i n  ex i s t i ng  a i r c r a f t ,  and (3) Replacement blades t o  replace 
space processed blades when they wear out .  The wearout r a t e s  
f a r  space processed blades were assumed t o  average 7.5 ycars 
and have a wearout d i s t r i b u t i o n  a s  shown i n  Figure 3-8. The sum 
of these  three  elements y i e ld  t o t a l  po ten t i a l  demand. These 
computations a r e  presented i n  Table 3-5, and t h e  t o t a l  po ten t i a l  
demand f igure  i s  p lo t t ed  i n  Figure 3-9. 
d. Figure 3-4 shows elements used t o  ca l cu la t e  t he  bcne f i t s  of using 
space processed blades.  Four f ac to r s  were considered: (1) Fuel 
economies r ea l i zed  from operat ing fewer a i r c r a f t  with t he  same 
payload (calculated f o r  new post-1980 a i r c r a f t  only) ,  ( 2 )  Fuel 
ccoriomies realized hy existing aircraft converting to space 
processed blades, (3) A capital saving from purchasing fcwcr 
aircraft with the same payload capacity, a~ld (4) An opcrational 
saving from fewer flights. l'hcsc calculatior~s are mndc in 
'Tables 3-8, 3-9, and 3-10. 
e. Figure 3-5 displays the various types of costs considcrcd. 
f. Figure 3-6 shows the format used to estimate the maximum capital ' 
outlay bearable under the estimiltcd costs arid benefits for 
development construction and launch of a space processing 
facility with an expected life of 10 years. Total Variable Costs 
included are: (1) shuttle or transportation costs, (2) materials 
and earth operation costs, and (3) Overhead and Administrative 
Costs. Fixed Costs are not directly estimated but left as a 
residual to be calculated when other factors are known, and 
allowing a 10 percent return on investment. Setting total 
costs equal to total anticipated revenues, yields one equation 
and one unknown (factory costs). Solving this equation yields 
the maximum allowable factory costs. 
g. Figure 3-7 is brief statement of conclusions. 
* BLADE LIFE: 9000 HOURS FOR CONVENTIAL BLADE 
18000 HOURS FOR SPACE PROCESSED BLADES (SPB) 4 
SPB FOR STAGE 1 (HP TURBINE) JT8D-7 (80 BLADES / TURBINE) 
* SPB FOR STAGE 1 AND 2 OF JT9D (JUMBO) (254 BLADES / TURBINE) 
* ENGINE USAGE - - 200 HRS / MONTH 
10 PERCENT OF BLADES REPLACED / YEAR BEGINNING 1980 (10 YEAR 
FULL CONVERSION TO SPB) 
* FAA PROJECTIONS EXTENDED LINEARLY FOR AIRCRAFT IN USE AND FUEL 
CONSUMPTION 1 I 
* BLADE E I G H T  - - 6.75 OZ. (191.36 GMS) 
TOTAL WEIGHT FOR TRANSPORT - - ik LB. (680.4 GMS) 
SPB PROVIDE 10% INCREASE IN THRUST WITH 208 INCREASE IN PAYLOAD i 
INSTALLED IN NEW AIRCRAFT 
* SPB YROVIDE 4% DECREASE IN FUEL USE WHEN INSTALLED IN EXISTING 
A I RC RAFT 
FIGURE 3-1: ASSUMPTIONS 
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TOTAL COSTS = TOTAL VARIABLE COSTS PLUS TOTAL FIXED COSTS 
TOTAL VARIABLE COSTS 
A. TRANSPORTATION COSTS - 3 ESTIMATES 
1. 1% LB. (680 GM.) PER BLADE (BEST ESTIMATE) 
2. 1 LB. (454 GM. 1 PER BLADE (LOW ESTIMATE) 
3. 2 LB. (907 GM.) PER BLADE (HIGH ESTIMATE) 
B. EARTH OPERATIONS AND DIRECT MATERIAL COSTS 
C. ADMINISTRATIVE 0VEIUIEF.D 
111. TOTAL F; ED COSTS 
A. FACTORY COSTS 
1. DEVELOPMENT AND CONSTRUCTION 
2. LAUNCH 
B. NORMAL RETURN ON INVESmNT 
FIGURE 3-5: COSTS 
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1 DEMAND WILL BE SIZABLE FROM U.S. CObMERCIAL AIRLINES 
ALONE - 121,987 BLADES PER YEAR bIINIblUM 
11. BENEFITS PER BLADE 
A. $991.50 FOR REPLACEMENT BLADES 
B. $21,000 FOR NEW AIRCRAFT BLADES 
111. 10 YEAR (1981-1990) SAVINGS $4.381 BILLION FOR U.S. 
COMMERCIAL AIRLINES ALONE 
IV. SUBSTANTIAL RESUCTION IN JET FUEL USAGE: 
A. 6.522 BILLION GALLONS FOR 1981-1991 
B. 990.4 MILLION GALLONS IN 1991 ALONE 
V. SPACE FACTORY DEVELOPMENT COST ALLOWABLE - OVER $369 MILLION 
VI. TURBINE BLADES A VIABLE CANDIDATE FOR SPACE PROCESSING. 
FIGURE 3-7: CONCLUSIONS 
3.3 Estimation of Total Potentiit1 Demand Front U.S. do~nmcrcial Airlines 
Table 3-1 gives actual  da ta  f o r  U.S. conunercial a i r l ines  fo r  a i r c r a f t  
and turbine engines in  use from 1966 t o  1373 [4,5]. Uti l izing these data  ' 
and the  forecasts  of t2e  Federal Aviation Agency, Table 3-2 was prepared 
which projects  the  t o t a l  niunber of turbines t o  1992. Estimates through 
1981 were given by the FAA. The remaining estimates a re  l inear  in ter -  
polations and extensions of the  FAA estimates. The l inear  extension is 
based on the l a s t  two years projected by the  FAA. A s  such, i t  may be smaller 
than it should be s ince  the  r a t e  of increase of a i r c r a f t  f a l l s  between these 
two years. One additional assumption was made: For calculat ion of the 
number of potential  space processed turbine blades, engines were c l a s s i f i ed  
as Class 80 fo r  standard j e t s  and Class 254 f o r  jumbo j e t s .  Class 80 
has 80 blades tha t  a re  strong candidates f o r  space processing and Class 254 
has 254. The percent of jumbo j e t s  i n  service is  assumed t o  be 21%. 
Table 3;3 presents the  potent ia l  space processed blades using the  t o t a l  
Z 
nwnber of a i r c r a f t  projected. Column (1) is  column 4 of Table multiplied 
by 80 and column (2) is column (5) of Table 3-2 multiplied by 254. This i s  
not an adequate projection, however, because the f igures db not r e f l e c t  
changes i n  a i r c r a f t  numbers as  a r e su l t  of the advellt of space processed i * 
blades. I f  the space processed blades provide a 20% increase i n  payload f o r  t 
new a i r c r a f t ,  then 20% fewer new planes w i l l  be needed t o  handle the pra- 4 
j e c t  ed demand. 
Table 3-4 provides adjusted figures f o r  a i r c r a f t ,  engines and blades, J 4 iW 
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TABLE 3-3: POTENTIAL SPACE PROCESSED TURBINE OIADES 
(Calculated from Table 3-2) (Unadjusted) 
(3) 
(1) (2) Total Blades 
Year Class 254 Class 80 in Use 
Notes: 1) Col. 1 is Col, 5, Table 3-2 times 254. 
2) Cal. 2 is Col. 4, Table3-2 times 80. 
59 
(YO 
: 
per  year has bccn reduced by 20%. The t o t a l  numbcr of tu rb ine  blados i n  
use by commercial a i r l i n e s  t h a t  would a l so  be candidntcs i o r  space processing 
would be 943,974 i n  1980, r i s i n g  t o  1,274,934 by 1982. 
3.3.1 Potent ia l  Demand fo r  Space Proccsscd Turbine Blades 
The demand estimates f o r  tu rb ine  blades must tzke i n t o  consideration 
t h e  following: 
a) The Replacement of ~ x i ' s t i n ~  Blades (Aircraf t  produced p r i o r  t o  1980) 
Consideration must be given t o  the  r a t e  a t  which ex i s t i ng  blades 
could be replaced i n  ex i s t i ng  a i r c r a f t .  The normal r a t e  of wearout 
requi res  a 26% replacement r a t e  per  year.  A t  t h i s  normal wearout 
r a t e ,  a l l  blades would be  r e p l a c 4  i n  3.75 years.  Computation of 
demand based on t h i s  wearout r a t e  produced s trong f luc tunt ions  t h a t  
would r e s u l t  i n  considerable over-cilpacity a t  t imes. Coi\sequently, 
a 10 year adoption r a t e  was chosen. , This r a t c  a l s a  exhib i t s  f lux  
but does so  a t  times t h a t  could accommodate cap i t a l  equipment re fur -  
bishment more readi ly .  A 100% adoption r a t e  r ~ a s  assumed on the  bas is  
t h a t  i f  adoption i s  economical f o l  ,ne turb ine  powered a i r c r a f t  of 
c~mmcrcial c l a s s ,  it  w i l l  be economical f o r  211 commercial a i r i i n e r s .  
b) Space Processed Blades f o r  New Ai rc ra f t .  
A l l  ncw a i r c r a f t  produced a f t e r  1980 a r e  assumed t o  be equipped 
with the  space proccssed blades.  
c) Replacement Blades f o r  Space Processed Blades. 
1) Ai rcraf t  produccd in  1980 anJ late: 
2) Space processed blades i n  a i r c r a f t  produced before 1980. 
This po ten t i a l  demand must bc comptltcd as a separa te  category 
because o f  t he  d i f f c r cn t  wcarout r a t c  of  the space F T O C ~ S S C ~  blades 
which 3rc assumed t o  have a l i f e  of 18600 hours. 
The wearout time of space processed blades i s  assumed t o  average 7.5 
years .  The d i s t r i b u t i o n  o f  t he  wearout i s  assumed t o  be as  shown i n  
Figure 3-8  The d i s t r i b u t i o n  is: 
Year ' %Wearout 

I h e  computation or' t o t a l  po ten t i a l  demand i s  shown i n  'Tables 3-5 and 3-60 
New plane blades a r e  ?)ascJ on 84 new a i r c r a f t  pcr year  (Col. 1).  Replacen 
ment Blades f o r  a i r c r a f t  produced p r io r  t o  1980 a r e  shown i n  column (2) and 
terminate i n  1989 when a l l  a i r c r a f t  have been convertkd. P r io r  t o  1989 
somc ear th  processed $lades must be replaced with c a r t h  p - ~ c e s s e d  bladcs. 6 
The replacement demand fo r  space processed blades i s  ca lcu la ted  i n  Tr:hle 3-6. 
This tab1.e is ca lcu la ted  a s  follo\(rs: Total demand i n  1980 is  12! ,975. 
Five percent of these  blades w i l l  wearout i n  198S, twenty percent i n  1986, 
f i f t y  percefit i n  1987, twenty percent i n  192s f i v e  percent i n  1989. 
These quan t i t i e s  must be replaced i n  t h e i r  respec t ive  years .  'Etus each 
year replacement demand is based on t o t a l  demand f o r  5 t o  9 years previous. 
Examining column (6) of Table 3-5, t o t a l  po ten t i a l  dcmand f o r  space 
processed bladcs i s  estimated t o  be 121,978 f o r  the  f i r s t  f i v e  years .  A 
surge i n  demand t o  212,560 is  expected i n  1987 when la rge  s c a l e  replacement 
f o r  worngut space processed turb ine  blades begins.  Demand f a l l s  o f f  i n  1990 
t o  149,558 as  replacement blades f o r  a i r c r a ? ~  produced p r i o r  t o  1980 a re  
no longer n.eeded. Demand is  expectcd t o  r i s e  from t h i s  year .  Figure 3-9 
a graphical representat ion of t he  po ten t i a l  demand. 
Production undcr such a demand scheme could be handled by designing a 
factory capable of .producing 172,800 (160,200 usable) u n i t s  per  year .  In  
1989 o r  1999 a second fac tory  coulu begin productioa t o  accomrnodrte t he  
dcmand and refurbishment and r ecap i t a l i za t ion  of the  f l r s t  fac tory  could 
begin i f  neided, Upon reopening the  f i r s t  faccory,demand leve ls  w i l l  have 
grown so t h a t  two f a c t o r i e s  would be required.  
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TABLE 3-6: GILCULATION OF REPLACEMENT DEMAND FOR SPACE PROCESSED BLADES 
(Wearout Year (t + x) (End of  Year Total) 
(1) (7) 
'Total Potential (2) (3) (4) (5) (6) Replacenent 
Y car Dcund t + 5  t + 6  t + 7  t + 8  t + 9  Total 
Notes: 1) Col. (t + 5) is S t  of Total Potential Demand 5 years previous. 
Col. (t 6) tr 201 of Total Potential Dmand 6 years orevlatS. 
Col. (t 7) i s  5.7% of Total Potential Demand 7 years prcviarl. 
Col. (t 8) is 70f of Total Potential Demand 8 years previous. 
Cal. (t 9) is 5% of Total Potential D e ~ n d  9 years previous. 
2) Total Potential Demand is Col. 1, T&le 3-5 pius Col. 2, T8bh 5-5 
plus Replacewnt Total, Col. 7 above. 

3.4 Rcnefi t s  of Spnce Processed Turbine Blndcs 
3.4.1 Introcluction 
Thc benef i t s  of space p r ~ ~ e s s c d  turbiric blade der ive  from t h e i r  
znt ic ipated technological supe r io r i t y  over ear th  processed blades.  The ' 
benef i t s  calculated herein a r e  based on the  following c r i t i c a l  assumption 
regarding the performance of tu rb ine  engines u t i l i z i n g  spac.e prbcessed 
blades : 
a) For blades i n s t a l l e d  i n  ex i s t i ng  engines, blades w i l l  double t h e i r  
l i f e  expectancy from 9000 t o  18000 hours and achieve a 4% reduction 
i n  fue l  use. Altern, ;:. , increased th rus t  could have been calculated 
a s  a bene f i t .  This was not done s ince  cos t ly  modification of ex i s t i ng  
a i r c r a f t  might 5 c  involved t o  allow increased payload capacity f o r  
passengers. 'Ihc p o s s i ~ i l i t y  e x i s t s  t h a t  modf f f ca t ion  would be an 
economical choice. This option was not calculated,  however. 
b) For blades i n s t a l l e d  i n  new a i r c r a f t  a 10% increase  i n  t h r u s t  
(no fue l  savinqj was assumcd. A 10% increase i n  t h r u s t  was then 
assumed t o  give a 20% inc;ease i n  payload po ten t i a l .  This is  a 
bonservative estimate.  One est imate has r e l a t ed  a 11.6% increase 
i n  t h r u s t  t o  a 40% increase i n  payload [ I ,  p.41. 
The ca lcu la t ion  of bene f i t s  i s  Limited t o  t he  bene f i t s  accruing t o  
t h t  buycr of t he  turb ine  blades.  Since thc  buyer must, i n  t h e  absence of 
subsidy, be wi l l ing  t o  ~ a y  t h e  f u l l  cos t s  of production, h i s  benc f i t s  must 
be a t  l e a s t  of equal value.  he f u l l  cos ts  of production must include 
a normal re tkrn  t o  the  manufacturer f o r  h i s  se rv ices .  No subsidy i s  assumed 
i n  the manufacturing operction. Benefits calculated a r c  of two types! 
a) fue l  savings and h) cap i t a l  sav'l ill:; with associated operat ional  savings. 
67 
3.4.2 C;ilcul;~tion of  Fuel Savings 
Table 3-7 shows j e t  h e 1  consumptiol~ and projected consumption f o r  t h e  
period 1966-1992. The FAA pro jec t s  only fuel  consumption of domestic f l i g h t s  
of U.S. Commercial Ai r l ines .  These a r e  f l i g h t s  t h a t  o r ig ina t e  and terminate 
within t he  U.S. Non-domestic f l i g h t  f u e l  consumption i s  estimated a s  20% ' 
of t h e  t o t a l  fue l  consumption. This f i gu re  is s l i g h t l y  below t h e  h i s t o r i c a l  
average but. t h e  recent  t rend  has been downward. The f igures  of  Table 3-7 a r e  
project ions based on cur ren t  t rends.  
The f igures  do not  reflect fue l  consumption adjustments t h a t  must be  
made t o  account f o r  space processing of  blades.  Two adjustments must be  made: 
1) an adjustment f o r  t h e  reduced n h e r  of new a i r c r a f t  as a r e s u l t  of  t he  
increased t h r u s t  and b) an adjustment f o r  fue l  savings due t o  b e t t e r  f u e l  
economy i n  pre-1980 a i r c r a f t .  These computations a r e  shown i n  Table 3-8 and 3-9. 
Table 3-8 shows the  a i r c r a f t  needed without t h e  increased t h r u s t  o f  space 
processed blades (Column (1)) a s  opposed t o  t h e  a i r c r a f t  needed with production 
of space processed blades (Column (2)).  The r a t i o  of  Column (2)  t o  Column (1) 
subt rac ted  f ~ o m  100% gives t h e  percent  f u e l  savings an t ic ipa ted  by year  
(Column (3)) because of fewer a i r c r a f t  needed t o  car ry  t he  same payloads. 
Column (3) t ..~es t he  o r ig ina l  f u e l  p ro jec t ion  y i e ld s  fue l  savings i n  gal lons 
(Column 4) as  t he  r e s u l t  of  reduced operat ional  l eve ls .  Subtract ing Column '4) 
from Column (1) of  Table 3-6 y i e l d s  t h e  adjusted fue l  use f igures  (Column ( 5 ) ) .  
$ 
'ihe d o l l a r  saving per  year is estimated by multiplying t h e  gal lons saved 
(Column 4) times t h e  jet. f u e l  p r i c e  [7] of  22.5 cents  per  ga l lon  (2) y ie ld ing  
Column (6). The operat ional  fue l  savings s o  c a l c u l a t t d  r i s e  from $25 mi l l ion  
i n  1981 t o  $223 mi l l ion  i n  1992, 
Table 3-9 c*lculates  t he  fue l  savings as ex i s t i ng  (as of  1910) a i r c r a f t  
a r e  converted t o  space processed blaucs.  The adjustment i s  made on t h e  bas i s  
TABLE 3- 7: J E T  FOE L CONSUMPTION AND PROJECTED. COiISUF.1PTION 
( A i r  Carrier O n l y )  
- - 
totai .let Dolnestic ~ l i ~ h t  Non-boatstie 
Year Fuel Consumption Jet Fuel Consumption Jet Fuel Consumptian 
Notes: 1) Estimated (Based on Ratio of Domestic to Non-Domestic Passen~er Miles). 
Assumed to be 201 of total after'1971 (25\ of Domestic). 
2) *Items are from FAA Aviation Forcasts [)I .  
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t h a t  a i r c r a f t  converted w i l l  use 4% l e s s  fue l .  Thc fue l  adjustment f ac to r  
(Column (3)) thus is the  product of tho r a t i o  of space processed blades i n  
use i n  pre-1980 a i r c r a f t  (Col~mn (1)) t o  t h e  t c t a l  blades i n  use (Column (2))  
times 45. Fuel adjustment f ac to r  2 mult ipl ied by the  fue l  use a f t e r  t h e  
f i r s t  adjustment (Column S, Table3-8) ye i lds  the  fue l  saving on converted 
a i r c r a f t  (Column (5)). The use of only the  blades i n  pre-1980 a i r c r a f t  
means t h a t  no added advantages have been a t t r i b u t e d  t o  post 1980 a i r c r a f t  
other  than those computed below. Multiplying Column (5) by 22.5 cents  a 
gallon y ie lds  Column ( 6 ) ,  t h e  fue l  saving on a i r c r a f t  converted t o  space 
processed turb ine  blades.  In do l l a r s  t h i s  represents  a savings of $12.49 
mi l l ion  i n  1980 and r i s i n g  t o  $129.29 mil l ion i n  1991. 1 
3.4.3 Capital  Savings 
Although ex i s t i ng  a i r c r a f t  might not be ab le  t o  take f u l l  payload 
advantage of t he  10% addi t iona l  t h r u s t ,  new a i r c r a f t  would Le designed t o  
do so. Estimates of t he  increased payload range from a highly conservative 
10% t o  40%. For e s t ima t i rg  purposes, t he  assumption w i l l  be made t h a t  a l l  
a i r c r a f t  produced a f t e r  1980 with the  space processed turb ine  blades w i l l  
have an increased payload of 205. The numbcr of a i r c r a f t  purchased can 
then be reduced by one- f i f th ,  and the  cap i t a l  saving estimated. The average 
cos t  o f  ac  a i r c r a f t  is assumed t o  be ten  mil l ion d o l l a r s  f o r  purposes of 
computation. This is n rough average p r i ce  f o r  t he  e n t i r e  spec t ra  of 
commercial a i r c r a f t  purchased. This f i gu re  is an est imate based on t h e  
following consider=tions. F i r s t ,  t he  average value of a i r c r a f t  purchased 
1 Tne fue l  adjustment fac tor  begins t o  decl ine i n  percentage tcrms i n  
1990 because the  weightingof a i r c r a f t  produced a f t e r  1980 continues f.0 grow 
whi. l e  a l l  prc-  198C a i r c r a f t  a r e  f u l l y  converted. 
from U.S. manufacturers i n  1973 wns $12.65 mClliorr, hu t  428 o f  t l ~ ~ s c  vc+rc* 
"junl)oW j c t s  which pushed t h c  averape up. Scconcll;v, new orclcrs I'or jtlmbc, 
j e t s  r e l a t i v e  t o  more standard s i z e  j c t s  has decrcascd i n  137.1 [l]. 
Thirdly,  t he  r a t i o  of junbo t o  standard orders  is asSumcd t o  I)c i n  the  
range of 20%to 35% of fu tu re  orders .  This would make the $10 mill ion a 
d o l l a r  (1974 do l l a r s )  per  plane est imate a reasonnblc f igure .  
Using the  da t a  from ~ ~ b l c  3-1, 75 new a i r c r a f t  were projcctcd f o r  each 
year.  A decrease of 20% would reduce production hy 15 t o  60 per year. 
The yearly c a p i t a l  savings would be 
15 x $10 mil l ion = $150 Million/Year 
For a 1 2  y .r period t h i s  wotld be a t o t a l  saving of $1800 mi l l ion ,  
3.4.4 Total Bencfits 
Total  Benefits a r e  given i n  Table 3-10. Capi tal  savings of 210 mi l l ion  j per  year a r e  shown i n  Column (1).  Fuel saving from converyed a i r c r a f t  is shown i n  Column (2) .  An added bene f i t  not computed previously is the  1 
1 savings accruing t o  the  a i r l i n e s  as  a r e s u l t  of a reduced op?rating leve l .  
f 
1 With 20% added payload the re  would be a reduced fue l  consumption from fewer 
I 
1 f l i g h t s .  i h e  fewer f l i g h t s  would a l s o  r e s u l t  i n  a reduction i n  other  op- 
i 
I e r a t i ona l  expanses such as personnel, e.g. l e s s  p i l o t s ,  s e rv i ce  personnel. i 
1 
Much of t he  operat ional  expense might not be reduced however s ince  it wcl-(Id 
i depend on the  numbers of  passengers, e.g. ,  t h e  number of stewardesses. For 
d 
computa t i~na l  purposes t h e  non-fuel operat ional  saving of  a reduced number 
of a i r c r a f t  is estimated t o  b e  equal t o  t h e  operat ional  fue l  savings cal-  
culated i n  Table 3-8, Column (6) .  The t o t a l  operat ional  savings would then 
be double the  amount i n  Table 3-8, Column (6). This f i gu re  i s  shown i n  
Column (3).  The t o t a l  savings axe given i n  Column (4).  Total yearly 
savings a r e  thus estimated t o  be 210 mil l ion i n  1980 and r i s e  t o  783 
mil l ion i n  1991. The t o t a l  13 year  per iod saving (1480-1991) would .le 6618 
h i l l i o n  do l l a r s .  
3.4.5 Benefits per  Blade 
The nature of bene f i t s ,  I -d thus the  value per  blade,  d i f f e r s  f o i  new 
a i r c r a f t  producee with 209 added payload and ex i s t i ng  a i r c r a f t .  The value 
per  blade per  year of ex i s t i ng  a i r c r a f t  can be estimated by dividing the  
fue l  savings f o r  t he  year 1981 by the  number of blades i n  use on ~ t e - 1 9 8 0  
a i r c r a f t  ($12.48 mil l ion + 94,398). This i s  $132.20 per  year.  For a 7.5 
year l i f e  the  per  blade value is $991.50. 
1 For new a i r c r a f t ,  every 4 blades produced i n  space provides enough 
t h r u s t  f o r  5 earth produced blades.  P cry four a i r c r a f t  produced wit:. space 
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proccsscd blodcs has t h o  ~)aylo:ld potcrlt ial  of f i vc  ; \ ircr;lft  w i t h  c;irth 
provcncd blades.  Thus an i i i r l i nc  company crin .s.tve the cos t  orr one plane 
($10 mil l ion)  i n  every f ivc .  The valuo of the 27,580 new planc blades 
produced i n  one year is  the  $210 mi l l ion  in i t331  c a p i t a l  savings plus  the  
yearly operatiorral savings of 50 mi l l ion  times the  l i f e  expcct~:.lcy of a 
7 112 T h i s  f i gu re  is taken from the  1981 f i p t r e  f o r  Column 3, 
Table 10. Since the  t o t a l  number of new blades i n  use is only 27,580 
what was produced i n  1980, t he  previous year,  t h e  e n t i r e  c a p i t a l  saving, 
and operat ional  saving is from those blades.  But fu tu re  operat ional  savings 
w i l l  a l so  continue f o r  7 1/2 years  on tbe average. 
$210 mi l l ion  + $375 mi l l ion  = $585 mil l ion saving f o r  27580 blades.  
The per  blade benefi t  i s  t h ~ s :  
$585 mil l ion  
= 21,211.02 
This f i gu re  i s  rounded t o  $2l,i)OO 
*1f the c a p i t a l  saving were only 1/2 these c ~ l c u l a t i o n s  and the re  were 
nc operat ional  saving., t h e  value would s t i l l  bc high a t  $3807 per  bladc. 
-- 
3.5 Costs ,ln;llysis 
3.5.1 Dclilicntion of Costs 
Thc cost  of producing space processed blades w i  11 .include the  f o l  low:.ng 
costs  : 
a 
Transportation Costs of ns:crials t o  the  space factory and f in i shed  8. - 
product t o  ca r th ,  (A.'so re fer red  t o  as Shu t t l e  Costs) 
b. Factory Costs pc r  u n i t .  Tlrcsc include: 
1. Dovelopmel~t Costs of th. Factory 
2. Launch Costs of t h e  Factory 
3. Operation and :daterial Costs of the  Factory (Direct Costs) 
c. Administrative Overhead of t he  contract ing firm. 
d. A Non~ial Return t o  t he  ccntract ing firm. 
a) Derivation of Transportation cos t s  of the  mater ials  and f inished product 
is based on the  cos ts  derived f o r  t he  space s h u t t l e  i n  Chapts. 2.0 of this 
rcpor t .  Assuming 37 t o t a l  f l j ,gh ts  per  year f o r  a 12 year period the  per  
pound cost would be $326. This is  thc  f igu tc  t h a t  w i l l  bc u t i l i z e d .  Note 
t h a t  not a l l  of t hc  f l i gh t s  a r c  space processing f l i g h t s .  Ilowever, the 
learning expcricnce of these  f l i g h t s  r e s u l t s  i n  a lower cos t  of operation t o  
a l l  users .  
b) Tne development of factory cost  estimates a t  t h i s  point  i n  time involves 
tlie fonula t ior r  of a c r i t i c a l  s e t  of assumptions. The spacc factory cos ts  
f o r  tu rb ine  blades must include the  cos ts  of design and dcvelopmcnt of 
automated machinery and furnaces capable of producing blades a t  a r a t c  of 
ovcr 100 thousand a year .  An accurate cstinlate would irrvolve a s i zab le  
engineering study. SOIC guidelines involving s i z e s ,  outputs ,  and poucr 
requirements a r c  given i n  Chaptcr 4.0 of t h i s  rcpor t .  
As an al ternat ive  t o  J i r c c t l y  dovoloping costs  of the  space factory, 
t h i s  cost w i l l  be t rcntcd as a rcsidual value. That is ,  a l l  other costs 
and revenue w i l l  be placed together i n  opproyristo equation form with 
factory cos ts  a2 an unknown. Solving the  equation w i l l  y ic ld  a factory 
cost figure which is  the maximum the  market w i l l  besr .  
c) Administrative Overhead of tho contracting firm w i l l  be assumed t o  be 
50% of a l l  production costs .  
d) The normal return w i l l  be assumed t o  be 10%. 
3.5.2 Residual Cost Ana!?sis 
This section of the  study assumes t h a t  a pr ice  f o r  space processed 
turbine blades i s  s e t  and finds the  tnaximum cost  of the  space factory 
a t  which the  firm would s t i l l  be able t o  achieve an acceptable r a t e  of 
return.  Based on the demand and benefi t  analysis,  t h i s  residcal  cost 
f igure says ',at essence, "If t he  factory can be put i n t o  service f o r  t h i s  
cost ,  then tho operation w i l l  be prof i table  a t  an acceptable r a t e  of 
return. 'I 
Let X =  a actor^ Cost 
Thus . l X  = Return on Investment 
We proceed from the  assumption t h s t  t o t a l  costs  (TC) must equal (TR) 
where thc  return t o  the  producer i s  t rea ted  as  a cost  of production.J 
The t o t a l  costs of production are  broken tnto:  
A. Fixed Costs (FC) (Development, Construction and Launch) 
X = Factory Costs 
. l X  = Ret=n on Factory Cost Outlay 
31hc economic nomenclatuie f o r  thib return is  ca l led  a normal profit, 
I t  is custonarily t rea ted  as a cost  of production because unleis  it i s  forth-  
coming, producers w i l l  not produce the  product, r a the r  seeking more favorable 
product !on l ines.  
n. Varinblc Costs (VC) 
S 3 S l ~ i ~ t t l c  Costs k! $326/1b. 
M 0 h1:ltcrial Costs nnd O p c r ~ t i o n n l  Costs 
A = Administrative Co:ts 
3.5.3 Calculat ion of Costs 
3.5.3.1 Shu t t l e  Costs 
The pounds of weight i n  mater ials  and finished bladcs i i~c ludes :  
(1) Mold weight 
(2) Materials f o r  blade weight 
(3; Storage rack weight 
These weights w i l l  have t he  s t rongcs t  hearing on diffcrcnces i n  t he  
cos ts  of operation. .Three estimates w i l l  be given: (1) a high of 2 lbs.  
(907.2 gm.) per  blade, (2) a lod of 1 lb.  (453.6 gn.) , and (3; a best  
es t imate of 1 1/2 lb.  (680.4 gm.) 
Shu t t l e  Costs - Best Estimate 
172,800 Production Units X 1.5  lb . /blade = 259,200 lb. per  vcar 
A t  $326 per  pound t h i s  i s :  $483 per  blade 
5 = 172,800 X $489 = $84,499,200 f o r  one year 
10s = $844,992,000 f o r  10 years 
Shu t t l e  Costs - High Estimate 
172,800 Units X 2 lb . /blade :T 315,500 15. per  year 
A t  $326 per  pound th i ,  i s :  
S = 345,600 X $326 = $112,665,200 f o r  01.3 year  
10s = $1,126,652,000 f o r  10 years 
Shu t t l e  Costs - Low Estimate 
172,800 Units X 1 Ib./blade = 172,800 lb.  pcr year.  
A t  $326 per  pound t h i s  is: 
S = 172,800 X $326 = $56,332,800 f o r  one ycar 
10s $563,328,000 for 10 years 
3.5.3.2 Motcrinl and Operat ioi1:11 Costa 
The current  p r i cc  of ear th  processcc! bladcs i s  approxim.?tcly $130 
per  blado. Assuming t h a t  most f i n i sh ing  opcrations r c  conductcd cn 
ea r th  and t h a t  mater ials  w i l l  bc  higher ,  wu assume t h i s  pWice t o  be the  
cost of ear th  operations and mater ials .  
M = 172,800 Units X $130 per  u n i t  = $22,464,000 f o r  one year or 
$224,640,000 f o r  10 years  
3.5.3.3 Overhead and Admi,iistrative Costs 
Thesecosts tend t o  vary by the  type of operation ccliducted and t . 
ef f ic iency  of t he  firm. For many firms a reasonable f igure  wouJd be SO+ 
of t h e  o ther  var iab le  cos t s  of t he  operation. However, because of the  
nature of t h e  var iab le  cos ts  associated with outer  space manufacturing, 
notably the  s h u t t l e  cos ts ,  such an eztimatc would appear t o  be too high. 
A more reasonable est imate would be t o  take the $130 p r i c e  of ,arth 
processed blades and assume t h a t  about 258 of t he  p r i c e  i s  due t o  over- 
head and administrat ive cos ts .  Reflect ing th,l4 ou te r  spacr* manufacturing 
w i l l  involve'added handling and coordination a c t i v i t i e s ,  it would be 
reaso:lable t o  double t h a t  f i gu rc  par  u n i t .  Thus we estimate t h a t :  
508 X $130 = $65/unit i r  a reasonable est imate of these cos ts .  
A = $65 X 172,800 Units = $11,232,000 per year 
o r  
10A = $112,320,000 f o r  10 years 
Thus from the  standpoint c '  t h e  contractor  t o t a l  va r i ab l e  cos t s ,  using 
the  bes t  es t imate of Slluttle Costs ,  
T V C = S + M + A  
= 84,499,200 + 22,464,000 + 11,232,000 
= $118,195,200 
per  year o r  $ l , l~1 ,9S2 ,000  f o r  a 10 ycnr factory l i f c  period. 
80 
As:;ut:ling thc pricc of  L I I C  tu rb inc  blaclcs t o  bc $991.50 (cqu~ll  t o  t h c  
I lowcr benefit co'iil~tttcd f o r  rcplaccmcnt blades ) ,  with a 10 ycar fac tory  l i f e  
producing 160,200 ttsablc u n i t s  per )*car, tire t o t a l  rcvcnue froti1 s a l e  of t h e  
blades would be: 
16C.200 Unit; X $991.50 = $158,835,300 a 
per  yea; ~f 1,555,383,000 f o r  10 years. The minimal conditions f o r  
production is t h a t  t o t a l  r cvc l~Je  (TR) equals t o t a l  cos t  (TC). Thus 
t we i an  s u b s t i t u t e  TR f o r  TC and then so lve  f o r  X ,  f ac tory  cos t s .  
I We have : 
and TR = TC 
6 I thus TR = TVC + X + . l X  g Subs t i tu t ing  d o l l a r  f igures  f o r  10 years  yields:  i 
i solving f o r  X 
! 
Thus fac tory  cos t s  of design, construct ing and launching could no t  exceed 
the above mount ,  over t h r ce  hundred f i f t y  mi l l ion  d o l l a r s .  
n)  Assuming tha t  the  t o t a l  weight of mold, materials ,  and s t o r r r ~ c  racks is  
2 lbs. (907.2 gms.) per  blade, the  residual  cost analysis would be as 
follows : 
S = $112,665,200 f o r  1 year 
TVC = (S + M + A) f o r . l  year 
= $112,665,200 + $22,464,000 + $11,232,000 
TC = 1 . 1 X  + $1,463,612,000 f o r  10 years 
TR = $1,588,383,000 f o r  10 years 
Set t ing TC = TR 
$1,588,383,000 = 1 . 1 X  + $1 ,463,612,000 
X = $113,428,182 
This f igure  i s  much smaller than the  bes t  estimate f igure  and probably 
would put the  economic f e a s i b i l i t y  of the  manufacturing program i n  doubt, i f  
the pr ice  of the  blades was s e t  a t  $991.50 each. However, the  extremely high 
value of the  space processed blade f o r  newly produced a i r c r a f t  (almost $22,000 
per blade) poses the  ~ ~ s s i b i l i t y  of production f o r  t h i s  one area even i f  space 
prncesscd blades were riot economical for  replacement i n  exis t ing  a i r c r a f t .  
With demand from t h i s  source anticipated a t  o r  above 27,580 blades a year, 
a much smaller factory concept involving production a t  30,000 un i t s  per  year,  
, 
o r  2500 un i t s  per month, may well be feas ib le .  
I 
i Another poss ib i l i ty  is t h a t  the  producer could cngagc i n  p r i ce  
I 
i discrimination somewhat, placing a lower than cost subsidized pr ice  on I 
- !  , blades f o r  exis t ing  a i r c r a f t  and a higher than cost p r i ce  on blades f o r  new 
a i r c r a f t .  This would pote l l t i a l ly  allow a rcasonablc r e tu rn  on t h e  invest-  
ment. Because of t hc  extremely high valuc cn lcu ln tcd  f o r  these  new blades,  
savings t o  t he  a i r l i n e s  that  were passcd on by pr ic ing  blades below t h e i r  
t o t a l  benef i t ,  \vould encourage a f a s t e r  wri teoff  and rcplhcement of ex i s t i ng  
a i r c r a f t .  Thus t h e  lower pr iced the  produccr makcs t h e  blades f o r  new 4 
a i r c r a f t ,  the  more l i k e l y  the  po ten t i a l  quan t i t i e s  demanded a r e  t o  respond 
by s h i f t i n g  i q t o  new a i r c r a f t .  
b) Assuming t h a t  . the  t o t a l  weight o f  mold, mater ials ,  and storage racks is 
only 1 lb.  (453.6 gms.) per  blade,  t he  res idua l  cos t  ana lys i s  would be a s  
fo l lo#s :  
S = $56,332,800 f o r  1 year 
TVC = S + M + A f o r  1 year  
= $56,332,800 + $22,464,000 + 11,232,000 
= $90,028,800 
TC = 1 . 1 X  + $900,288,000 f o r  10 years 
TR = $1,588,383,000 f o r  10 years  
S e t t i n g  TC = TR 
$1,588,383,000 = 1 . l X  + $900,238,003 
1 . 1 X  = $1,588,383,000 - $900,288,000 
1 . 1 X  = $688,095,000 
X = $625,540,909 
Under t h i s  ca lcu la t ion  the  cos ts  of designing construct ing and 
launching the  space fac tory  could not  exceed the above f igure ,  i n  excess 
of s i x  hundred mi l l ion  do l l a r s .  
3.5.5 Another Possible  'Al te rna t ive  
-
This study has been designed est imating costs  on the  assumption t h a t  
t he  turb ine  blade would be  pre-cast  on ear th  and t ransported t o  the  space 
factory i n  a mold. This a l t e r n a t i v e  adds considerably t o  t he  t ranspor t  1 
cos ts  s3sce the  mold weight reduces t h e  e f f e c t i v e  payload of the  shu t t l e .  
A s  an a l t e rna t ive  t o  using ' t h i s  procedure, t h e  following approach bears 
fu r the r  consideration. 
Instead of carrying t h e  mold along,the space factory could be equipped 
with permanent molds t h a t  could be replaced on an a s  needed bas is .  This 
subs t an t i a l  reduction i n  weight t ransported t o  and from the  space fac tory  
would considerably lower t ranspor t  cos t s ,  but would a l t e r  t he  cos ts  s t r u c t u r e  
i n  other ways. More time and e f f o r t  would be  necessary t o  r e - se t  t he  
pre-cut blades i n  t h e i r  molds and t o  remove them once they have been recas t .  
This operation may d i c t a t e  t h a t  the  space f a c t m y  b e  manned on a f u l l  time 
bas is .  
Manning $he space fac tory  may have some fu r the r  advantages i n  t h a t  a 
l e s s  automated, simpler design system could be  used f o r  production, lowering 
cos ts  of design and product ion of t h e  c a p i t a l  equipment. Increased cos ts  
would bc incurred by a requirement t h a t  l i v ing  quar te rs  be provided i n  
the  space fac tory  f o r  the  worker o r  workers. The provision of l i v ing  quar te rs ,  
however, does not requi re  addi t iona l  technological development. 
The cos ts  scving from a reduction of  t h e  t ranspor t  weight from 1 1/2 
lbs .  (best  es t imate with mold) t o  1 lb .  is: 
1/2 ($326 1 lb . )  = $163 pe r  blade 
$163 X 14400 = $2,347,200/month 
$163 X 172,800 = $28, 166,40O/yenr 
$163 X 1,728,500 m $281,664,000/10 ycar l i f e  of factory 
Consequently, i f  these  savings,  along with ochcr design and c a p i t a l  
equipment savings a r e  g rea t e r  than the  cos t  of providing l i v ing  quar te rs  
f o r  workers, t h e  a~anned approach would bc more economical. 
The manpower cos t s  themselves would probably be only a very small 
i proportion of  th i . :  t o t a l .  For example, 2 men paid a t  a r a t e  of $50,000 5 I each pe r  year  would be only $1.2 mi l l ion  f o r  10 years .  Tltero would be 
t 
e some added manpowcr cos t s  f o r  t r a i n i n g  and standby personnel (assuming 
1 
f 30 day tours  i n  space) ,  but  t o t a l  cos t s  slrould not  exceed $2.5 mi l l ion  
f. 
e- 
F 
L t o  $3 mi l l ion ,  i; 
i Table 3-11 shows the  marginal savings f o r  t ranspor t  cos t s  by pounds 
S and grams on a per  blade, per  month, and pe r  year  bas i s .  @ 
TABLE, 3- 11 : SAVINGS ON TRANSPORT COSTS FROM WE IGI1T REDUCTIONS 
-- 
Savings - - 
Reduce Weight Per Blade Per Mo. Per Yr. 
BY 
1 pound $326 
(453.6 gm.) 
1/2 pound $163 
(226.8 gm.) 
1/4 pound $ 81.50 $1,173,600 $14,083,200 
(113.4 gm.) 
250 gm. 
400 gm. $287.44 $4,133,136 $49,669,632 
3.5.6 Qualific;ltiol\s to the Study 
The forcgoing study is subject to several qualifying remarks. These 
rclnarks are dcsigned to cover some contingent situations that might arise. 
b 
3.5.6.1 Importance of Tcchnologicel Assumptions 
The technological assumptions are critical to the resultant values in 
the study. The values react to any change in the technological assumptions. 
Thc framework of the study is outlined in a fashion that would allow 
recomputation for any set of technological guidelines in a relatively short 
time period. From the standpoint of benefits calculated, the primary 
assumption is the reduced fuel usage, For new plane blades, the benefits 
lie heavily upon capital savings, but the study's conclusions are based on 
replacement blade benefits, which are considerably lower. Consequently, all 
of the capital savings could be removed from the study and the new plane 
blades would still have a value of $13,596 per blade. Far the new plane 
blades in particular, the technological assumptions could be relaxed considerably. 
Rcplacenicnt blades do 1i9t enjoy this luxurjr, 
3.5.6.2 Potential Changes i~ Aircraft Design and Operation 
A significant reduction in t h e  fucl consumption projcctions for the 
coming two decades coulJ result in a rcduction of the projected benefits and 
affect the viability of space production. With the recent energy crisis 
considerable effort has been devoted in the direction of reduced fucl 
consumption. Fuel savings could result from improvements in both aircraft 
design and operations, on thc ground as well as in the air. An example of 
this is a 4% fuel saving hy PUI-ilmhetwcen July and October 1973. Thsse 
ccono~nies were rcalizccl by Jccreascd c ru i se  spceds , optimum f 1 igh t  p r o f i l  rts 
and b e t t e r  ground maneuvers. Estimates of potcnticll fue l  reduction a r e  as 
high a s  75'1 [5, pp. 26-33] 
A study conducted by the  American I n s t i t u t e  of Aeronautics and Astro- 
6 
nautics  has tabled po ten t i a l  fue l  savings from s t r u c t u r a l  improvements of  
a i r c r a f t  12, p. 191. Among the  areas of imprvrement po ten t i a l  c i t e d  f o r  
propulsion technological development a r e  ttimproved mater ials  Eor t he  hot  
end of t he  compressor; more e f f i c i e n t  cooling schemes and improved mater ials  
f o r  t h e  turbine;" 18, P. 311 
This study operated under t he  assumption t h a t  fue l  consumption would 
follorv the  pa t t e rn  projected by the  FAA i n  t h e i r  Aviation Forcasts [3] .  A 
s ign i f i can t  reduction i n  t he  projected fue l  consumption leve ls  from the  
1971 pro jec t ions  t o  t h e  1975 pro jec t ions  was noted. Much of t h i s  reduced 
project ion may r e f l e c t  an t ic ipa ted  improvements i n  a i r c r a f t  technology and 
operation. If so, then t h e  technological changes w i l l  not a f f e c t  the  r e s u l t s  
of t he  study as s t rongly.  However, f u r t h e r  reductions of fue l  consumptions 
would fur ther ,  reduce bene f i t s .  
Another tec l~nologica l  problem t h a t  may o r  may not en ter  i n t o  cons idc ra t ion  
i s  the  po ten t i a l  development of o ther  types of engines,  such as a hydrogen 
powered engine. Because of t h e  chemical c h a r a c t e r i s t i c s  of hydrogen as a 
fue l ,  the  use of space processing would have t o  be reevaluated. The use of 
hydrogen powered technology i s  not expected before 1990 t o  2000, however, 
and would not necessar i ly  i n t e r f e r e  with po ten t i a l  space production of 
blades p r i o r  t o  t h a t  time. Other types of fuc l s  and power p lan ts  would have 
t o  be evaluated on t h e i r  own meri ts .  
l?iis study wns predi.catcJ on thc  ex i s t i ng  lcvc l  of e a r t h  technology 
f o r  production on cartll. I t  niny be t h a t  considerable advances i n  ea r th  
technologies over thc next dccade o r  two liiight reduce the  d i f f e r e n t i a l  i n  
* 
i ?erformance bctwecn blades produced on car th  versus blades produced i n  space. 
On the  other  hand, it is possible  t h a t  improved teclrnologies developed on 
ea r th  may s t i l l  be improved by space manufacturing. Developments along t h i s  
l i n e  were not considered f o r  purposes of t h e  study. 
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4. TURBINE BLADE PROCESSING 1 
4.1 Sununary 
Space processing of d i r ec t iona l ly  s o l i d i f i e d  eutectic-r.::;;' type a 
turbine, blades is envisionod as a simple remelt operation i n  which a 
pre-cast  blade o r  blades a r e  remelted i n  a prc-formed mold. Container- 
l e s s  melting does not seem t o  be  f eas ib l e  a t  t h i s  time because of the  
surface tension involved of the  molten metal, t h e  complex blade shape, 
and the  necessary dimensional cont ro l .  The weight of t he  large number 
of  blades (172,800) which must be produced annually,  the weight of the  
necessary associated processing f a c i l i t i e s ,  and the  long process time 
el iminates  t h e  s h u t t l e  as a poss ib le  space factory f o r  tu rb ine  blades.  
Therefore, a permanent space fac tory  i s  required using t:' - s h u t t l e  only 
as a means f o r  maintenance and refurbishment, 
With a s h u t t l e  cargo load of 32,000 lb.  and a maximum allowable 
weight of blades,  molds, and s torage f a c i l i t i e s  as 2 lb .  per  blade. a t  
?eas t  eleven s h u t t l e  t r i p s  per  year  a r e  required. For a margin of 
s a fe ty ,  monthly s h u t t l e  t r i p s  have been assumed. On a monthly o r  30 
day bas i s ,  14,400 blades a r e  t o  be manufactured giving a s h u t t l e  cargo 
of  28,800 lb.  per  t r i p .  In each 30 day period, the  blades should be  
produced i n  approximately 25 days t o  leave s u f f i c i e n t  ttme f o r  main- 
tenance and refurbishment of t he  permanent space foctcry.  
Three d i f f e r e n t  process systems based on (3) induction m ~ l t i n g ,  
(b) continuous r e s i s t ance  furnaces,  and (c) batch r e s i s t ance  furnaces 
were evaluated. Table 4-1 summarizes tho main poin ts  i n  each system. 
Induction melting techniques do not seem t o  be appl icable  t o  space 
;??'dcc:;s i 113 of tui.birlc. b ladcs .  Even ;it f a s t  s o l  i J i f i c n t i o n  r a t c s ,  t o o  
m;my induc t ion  u n i t s  would bc rcqu i red  f o r  one c o i l  p e r  u n i t .  In most 
c a s e s ,  i ~ ~ J ~ i c t i c ? n  ailel t i n g  u n i t s  are !;lrgc and t h c  space necessary  t o  
house a l l  o f  t h e  u n i t s  p lus  thc. a s soc in tcd  s t o r a g c  and handl ing cquip- 
~nent  ~~rould  be c i c c s s i v e .  Tllc ni~rnbcr O F  u n i t s  cottld be reduced by . 
u t i l i z i n g  m u l t i - c o i l  u n i t s  b l ~ t ,  i n  any evel,:. t h e  t o t a l  power r e q u i r e d  
f o r  il.rdi:ction mel t ing o f  t u r b i n e  b lades  i s  probably t o o  g r e a t  f o r  space  
process ing.  Also,  t h e  number of  blade-mold conhinat ions  (one b lade  p e r  
mold) which must be  crew-handled dur tng  refurbishment is s t agger ing .  
Res i s t ance  type  furnaces  e i t h e r  continuous o r  ba tch  hold  t h e  b e s t  
p o s s i b i l i t i e s  f o r  space  process ing.  The s o l i d i f i c a t i o n  r a t e  i n  e i t h e r  
case  must be  h i g h ,  on t h e  o r d e r  o f  7 i n / h r ,  t o  mainta in  a reasonable  
number (8) of  furnace  systems. Regardless ,  whether a continuous o r  
ba tch  tystem i s  used,  a mul t i -b lade  mold must be developed because,  even 
with h igh s o l i d i f i c a t i o n  r a t c s ,  s l i i g l e  b lade  n~plds  w i l l  r e q u i r e  t o o  
mar,; Furnaces. I n  c i t h e r  p rocess ,  t h e  s i z e  of  t h e  furnaces  requ i red  i s  
mich l c s s  than  t h e  s i z e  o f  t h e  a s s o c i a t e d  f a c i l i t i e s  f o r  s t o r a g e  and 
handl ing.  Consequently, t h e  s i z e  o f  t h e  l a t t e r  is  of  major considera-  
t i o n  i n  d c t c r ~ t ~ i r ~ i r ~ g  t h e  s i z e  of t h e  space  f a c t o r y  requ i red .  The mate- 
r i a l s  s t o r a g e  and handl ing systems f o r  t b s  continuous systems w i l l  
occupy aboul twice  t h e  volume a s  t h e  ba tch  p rocess ,  Also,  t h e  m a t e r i a l s  
handl ing equipment f o r  t h e  c jn t inuous  process  l i k e l y  w i l l  be  morc com- 
p lex  than  f o r  t h e  ba tch  p rocess .  The power requirements f o r  each pro- 
cess  b o r d e r  on bc ing  reasonable bu t  new methods o f  ob ta in ing  e l e c t r i c a l  
power should be  inves t iga tc t l .  The use  o f  rcmovcable mold storagc! com- 
partments dec reases  t h e  nu~;:ber o f  bladc-mold u n i t s  which need be handled 
during re furb ish l~~cnt  . In cons idcr ing a1 1 aspects ,  a batch r e s i s t  m c e  
funlacs type process using a multi-bladc mold scems t o  o f f e r  t h e  bes t  
p o s s i b i l i t y  f o r  tu rb ine  blade processing. 
New technological advances must be made i n  order  t o  minimize t h e  
number of  furnaces required and, thus ,  decrease t o  a reasonabln amount ' 
t h e  associated mater ials  s torage  and hanaling equipment. These advances 
must be  mainly i n  t he  areas  of mold mater ials  and dcsign, furnace design, 
and t h e  determination of t he  f a s t e s t  possible  s o l i d i f i c a t i o n  r a t e  t o  
obtain t h e  desired a l loy  proper t ies .  A11 aspects  of design f o r  a l l  t he  
d i f fe ren t  associated equipment necessary f o r  production a re  dependent 
on s o l i d i f i c a t i o n  r a t e  ( r a t e  of production) and t h e  number of blades 
which can be processed per  mold. Thesc determine the  number and s i z e  
of t h e  furnaces, s i z e  of t he  mater ials  s torage f a c i l i t y ,  t he  space 
requirements t o  house the  e n t i r e  system m d  t h e  t o t a l  power requirements. 
Any of t he  processes oc t l ined  w i l l  depend on obtaining high so l id -  
i f i c a t i o n  r a t e s  and blade-mold compatibi l i ty .  The dimensional tolerances 
of the  bladc depend on the  compatibi l i ty  between the  mold and the blade 
p r io r  t o  and during the  e n t i r e  process. Technologically, t h i s  may be 
the  g rea t e s t  handicap t o  overcome. A t  t he  present  time, i t  is f e l t  t h a t  
the  technology required f o r  construct ion of t h e  b a s i c  furnaces,  t he  
mater ials  s torage f a c i l i t i e s ,  bnd the  mater ials  handling equipment is j 
avai lable .  The question remains, i f  t h e  high s o l i d i f i c a t i o n  r a t e s  
required t o  reduce the  number of furnace systems i s  f e a s i b l e  t o  obta in  1 
the  a l loy  p r ~ p e r t i e s  necessary and whcther a mold mater ial  can be found 
tha t  w i l l  be s a t i s f a c t o r i l y  compatible t o  the  process. 
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4.2 Introduct ion 
The average projcctcd demand of space processed turb ine  blades i s  
160,200 per  year o r  13,350 per  tnonth. A reasonable r e j cc t ion  r a t e  of 7.3 
percent increases  t he  number required t o  172,800 per  year o r  14,400 per  
month. Eutec t ic  d i r ec t iona l  s o l i d i f i c a t i o n  of t h i s  n u n ~ b e ~  of blades a t  
t h e  necessary low s o l i d i f i c a t i o n  r a t e s  of t he  order of 0.5 in /hr  (0.00353 
mm/sec) o r  l e s s  [I] requi res  a long process time and several  furnac9s. 
Also a grea t  deal  of  s torage  f a c i l i t i e s  and e l e c t r i c a l  power a r e  needed. 
With a cargo weight of  32,000 pounds and limited time f o r  a s h u t t l e  
t r i p ,  t h e  weight of the necessary manufacturing f a c i l i t i e s ,  t h e  weight 
of t h e  la rge  volume of blades required, and the  time required t o  produce 
these  blades el iminates  t h e  use of a s h u t t l e  f o r  blade processing. Thus, 
a permanent space factory is necessary t o  produce the  required blade 
volume. The s h u t t l e  is seen a s  only a means of maintenance and refurbish-  
ment of a permanent space fac tory  with a s h u t t l e  t r i p  every month. 
Economically, space processing should involve only a few simple 
procedures. Therefore, space processing of tu rb ine  blades should b e  
nothing more than a simple re-melt operation. The envisioned process 
involves the  following s teps  o r  procedures performed on ear th  and i n  space: 
a. Earth processing (pre-space) 
1. Manufacture of pre-cast  bl3des 
2. Manufacture of space molds ( l i k e l y  ceramic type) f o r  t he  
re-melting of blades i n  space 
3. Posi t ioning of  pre-cast  blades in  space molds 
4. Assembly of mater ia l s  i n  space s torage  package 
5. Shipment t o  launch s i t c  
6, Preparation f o r  launch 
7, Shu t t l e  t ranspor ta t ion  t o  space fac tory  once a month 
b. Space processing 
8. Refurbishment and maintennl~ce o f  spacc factory by crcw 
9. Re-melt of blades under controlled space conditions over 
a period of approximately 25 days 
c. Earth proces;ing ( a f t e r  space) 
10. Rcturn s h u t t l e  t ranspor ta t ion  t o  ea r th  a f t e r  four  t o  f i v e  
days of maintcnmce and refurbishment 
11. Shipment of f inishcd blaclcs t o  manufacturer 
12. Removal of blades from space molds and inspection thereof .  
The i n i t i a l  c r i t e r i o n  out l ined i n  t h i s  report  f o r  space processing of  
turbine blades i s  based on da ta  generated by G.E. [ I ]  f o r  containerless  
melting. This da ta  is reproduced i n  Table 4-2. The blade under consid- 
e r a t ion  i s  f o r  t he  JT-8D and RB-211 typc engines. This blade is shown 
i n  Figure 4-1. 
On the  bas is  of t he  t o t a l  process time per  blade i n  Table 4-2, t he  
number of furnaces and t h e  time required t o  produce 14,400 blades per  
month a r e  shown i n  Table 4-3. This l a t t e r  t a b l e  considers a batch process 
i n  which one blade a t  a time i s  produced i n  each furnace. With a minimum 
time of 62 minutes per  blade,  25 furnaces a r e  required t o  produce enough 
blades i n  the  required time span and lcave s u f f i c i e n t  time f o r  maintenance 
and refurbishment i n  each period of 30 days. The maximum time of 370 
minutes f o r  proc.:ssing each blade requires  on the  order  of 125 furnaces 
and no time f o r  maintenance and refurbishment. Both of these  times 
involve r a t e s  much f a s t e r  than the  0 .5  in /hr .  Thus, it is seen from 
Table 4-3 t h a t  a batch process producing one blade per  furnace a t  a 
time is ne i the r  r e a l i s t i c ,  p r a c t i c a l  o r  economical. Therefore, it is 
evident tlrat e i t h e r  a continuous t;pe furnace operat ion o r  a multi-batch 
9 6 
FIGURE 4-1: 1WO VIEWS OF TURBINE 0- 'USED IN THE 
JT-8D AND aE-211 TYPE ENGINES 
TAB1.C 4-2 :  TUH1)INE IILADE PROCliSSINC, REQUIRE!ENl'S [ I ]  
BASED ON CONTAINERLESS FELTING 
Preheat 
high r a t e  
low r a t e  
Yaximum temperature 
Dwell temperature 
Cooling r a t e  
Time t o  produce dwell 
Time a t  dwell (sol id)  
Time t o  melt and superheat 
Time a t  dwell (molten) 
Time t o  cool t o  recovery 
Total time 
0.5-5 min 
0 min 
0 min 
1-5 min 
60-360 min 
61.5-370 min 

process i s  necessary t o  lwoducc tho large nunlbcr of bladcs.  Thus, 
report  evaluates t h ree  d i  f h r e n t  pass i b l e  furnace proccsses : (a) induction ,i 
i 
Y 
mclting of s ing le  bladcs,  (b) con:inuous rcsistarlce type of furnaces for 2 
multi-blade molds, and (c) batch res i s tance  type furnaces f o r  multi-blade 5 C
0 
molds. In  a l l  th ree  cascs ,  the blade o r  blades must be encased i n  a 4 
mold t o  obtain the  desircd blade shape and dimensions. Containerless 
melting cannot produce the  required complex blade shape because of t he  
I 
i 
surface tensions of t he  molten a l loy .  t 
1. 
171c ~ s c  of induction mclr i~lg techniques a t  f i r s t  glance scclns t o  be 
i one of  t he  possiblc  mcthods of llroduci~lg turbine blrrdcs i n  spt~cc.  This : 
i 
i method would allow the  use of a seed c rys t a l  s ince  thc  heating cycle 
would not begin u n t i l  the  blade was positioned co r rcc t ly  i n  the co i l s .  i 
With the  use of autontatic handling equipment, t he  mold and blade could 1 
be positioned exact ly i n  t he  c o i l s  without regard t o  t he  length of t he  
mold, and thus,  reduce the  t o t a l  yrocess time. Precise  control  of t h e  
heat ing and cooling cycles ,  t he  lcngth of t he  molten zone and the  s o l i d i -  
f i c a t i o n  r o t e  could be maintained a t  a l l  times. This cont ro l  general ly  
could be done by c o i l  length, the  r a t e  of  biade t r ave l  through the  c o i l s  
(and thus s o l i d i f i c a t i o n  r a t e )  and the  va r i a t i on  of e l e c t r i c a l  power. 
Table 4-4 gives t he  approximate requirements necessary t o  produce 
14,400 blades per  month by induction melting. The time required t o  
produce these blades i s  a function of  t he  blade r a t e  of t r a v e l  through 
the  c o i l s  and the  length of t h e  blade. The c o i l  lcngth i s  assumed t o  be 
l e s s  than the  blade length. Three r a t e s  of t r ave l  - 0.05, 0.005, and 
0.0035 mm/sec (7.1, 0.71 and 0.496 in /h r ,  respect ively)  wcrc analyzed. 
The l a t t c r  r a t c  of 0.0035 mm/sec was chosen because it i s  i n  the rangc 
necessary f o r  t he  direct ioni l l  s o l i d i f i c a t i o n  of h i g h  melting eu tec t i c s ,  
such as i n  t he  Ni-Ta systcn~ [ 2 ] .  The o ther  r a t e s  were se lec ted  because 
they a r e  i n  t he  range which have bcen used f o r  somc of t hc  lowor melting 
eu tec t i c s ,  such 3s A1-CU [3] .  
Table 4-4 ind ica tes  t h a t  induction melting will requi re  too many 
furnaces and too much power t o  be considered e i t h e r  cconomicnlly o r  
technological ly  f ea s ib l e .  The reason hcing the  combination of (a) t he  
TAnLE 4-4  : INDUCTION RELTING REQUIREMENTS FOR TURBINE BLADES 
S o l i d i f i c a t i o n  Rate 
I tern 
Length o f  blade t rave l  through 
c o i l s  o r  blade length (m) 
Time t o  produce each blade (min) 
T i  me i n t e r v a l  between blades 
minutes 
Isecondsl 
Number o f  blades produced per  
furnace i n  approximately 25 days 
Tota l  number of days t o  produce 
above blades 
Tota l  number o f  furnaces requi red 
t o  produce 14,400 blades 
Power requi red per  furnace (kw) 
Tota l  power requi red (kw) 
probably i n a b i l i t y  of producing nloro tlwn onc blade a t  i L  ti~nc per A~rnnce 
and (b) the time necessary t o  produce each bl;ldc. T11e only Wily i t r~l~tct ion 
melting can be fens ib lo  under t i m e  cottditions is thc usc of high s o l i d i -  ;i; 
f i ca t ion  ra:ss on the  order  of 7.1 in/hr  (0.0s mm/sec) o r  g rea t e r  and 
* 
or mult i -coi l  un i t s .  The l a t t e r  rctould reduce the  nunlbcr of induction a t 
? 
u n i t s  bu t  not tho  power requirements. Tots1 space necessary t o  I~ouse 4 
i: 
these  induction u n i t s  and the  associated mater ials  s torage  and handling 
4 . 4 .  l Cant inuous Operilt i on  
-- - 
I h e  development of  a continuous system involves  t h e  cons ide ra t ion  
L 
of t h e  typc of b lade  mold ( d e s i g n ) ,  s ln te r i a l s  s t o r a g e  f a c i l i t y ,  furnace  
dcs ign,  m a t c r i a l s  handl ing equipment, t o t a l  space  r e q u i r e d  t o  house t h e  
f a c i l i t y  and t h e  a l lowable  d e n s i t y  of  t h e  mold matzr-ial .  Considera t ion 
must bc given no t  only t o  t h e  space  f a c t o r y  b u t  a l s o  t o  t h e  cargo weights 
involved dur ing  each s h u t t l e  t r i p .  I n  an e f f o r t  t o  o u t l i n e  t h e  minimum 
system requ i red  f o r  a pcssil.rlc permanent space  f a c t o r y  f o r  t h e  product ion 
of t u r b i n e  b l a d e s ,  t h e  fo l lowing assu~npt ions  were made t o  d e f i n e  t h e  
h i t i a l  boundary cond i t ions  of  a continuous furnace  system. 
a.  A minimum o f  14,400 bladcs  p e r  month i n s t e a d  o f  13,350 must 
bc  produced t o  al low for  a t  l e a s t  a r e j e c t i o n  r a t e  o f  1050 b lades  p e r  
nionth o r  7.3 p e r c e n t .  
b. This volume of  b lades  sliould b e  produced i n  approximately 25 
days ou t  of every  30 t o  al low s u f f i c i e n t  t ime f o r  mairltenance and 
rcfiirbishment by t h c  s h u t t l e  crew. 
c .  Onc complete s h u t t l e  t r i p  of  seven days o r  l e s s  i n  every 30 day 
per iod.  
d. Space process ing of t h e  b ladcs  c o n s i s t i n g  o f  a s imple  re-melt  
opera t ion  of  p r e - c a s t  b l a d e s ,  
e. Expctldable mold ( p o s s i b l y  ccrarnic type) f o r  t h e  re-mel t ing of 
t h e  b lades  i n  space.  
f .  Each rc-melt  mold capable  of con ta in ing  s e v e r a l  b lades  (mul t i -  
b lade  molds). 
g. Bccnusc tlrc shuttlc c;rrgo 1oi1J is 32,000 pounds, the t o t a l  
~naxi~:l\~~n allo\~ablo wcight of' blitdes, ~nolds .~nd storage systcm i s  2 
pounds (908 gm) pcr  blade for a total  of 28,800 pounds. 
4.4.1.2 Molds 
Processing 14,400 blades per  month i r t  a rcason:rblc nunher of 
continuous furnaccs necess i ta tes  the dc--a?lopment of a re-melt mold 
capable of holding several  blades.  The rnol: matcrinl must be capable 
of being cas t  or  otherwise formed t o  c iusc  dimensional to lc r i~nccs  i n t o  ' 
a t h i n - w ~ l l e d ,  complex shape without in te rna l  defcc ts  (a  sircll-type 
mold). Each mold w i l l  have t o  be made i n  two halves t o  f a c i l i t a t e  
posi t ioning of the  pre-cast  blades i n  the  mold. 
A number of f ac to r s  must be considered when determining the  number 
of bladcs which can be  producc-a per  mold, These f ac to r s  a r e :  
a. Time required t o  process 14,400 bladcs and leave s u f f i c i e n t  
time i n  each 30-Jav period f o r  maintenance and refurbishment; 
b. I n e  number of  furnaces required; 
c, The s i z e  of the  furnace with r e sp t c t  t o  maintaining a constant 
temperature over tho width of the  furnace; 
d. The s i z e  of the  mold which determines the  furnace s i z e ;  
e. The number of molds which can be processed by a s i n g l e  furnace 
i n  the  required time; 
f a  The ava i lab le  s torage  space f o r  the  molds which a r e  produced by 
a s ingle  furnace. 
Table 4-5 shows the  r e l a t i onsh ip  between the  numb~r of blades per mold, 
the nun~bc-r of molds requircd t o  he processed per  furnace, and the numbcr 
of furnaces required. 
To have s u f f i c i e n t  time f o r  maintenance and refurbishment i n  every 
30-day period by the  s h u t t l e  crew, 25-26 Zays (600-624 hours) of continuous 
furnace operation was se l ec t ed  a s  the  optimum process timc. Twenty-five 
t o  twenty-six days of operation gives f u l l  usagc of timc witllout lcaving 
the  cquipnent i d l e  fo r  long r d c i o d s .  This timc a l s o  reduccs the number 
i;tY"3 4-5 : !!Ti l..4TTONSII I P liL,\IlES l'l:!t 3K11.1) 1'0 'I'IIE NllhlBER OF FK)I,I)S 
AN[) FIIRN.4NCIiS RliOlJf REl) 1'0 PLODIICE 14 , -lOO DLAl)liS PER bWNTt1 
No. of 
Bl:~Ics per Molds per Tine to Furnaces No. of  Blades 
Flold Furnace Produce (hr)  Rcquircd per Vonth 
1 
of blades per  nrold which havc t o  be processed nlid tlicrcby reduccs the  
ovc r s l l  furnace s i z e  rcquircd. Thc furnace s i z e  a l s o  was corlsidcred t o  
b e  too  la rge  t o  c a s i l y  maint~iin the required temperature across the  
furnace width when more than f ive  blades per mold a r e  used. Therefore 
as  a r e s u l t  of t!ic above reasoning, th rcc  blades per  mold, 600 molds per  ' 
furnace, artd e i zh t  furnaces were se lec ted  as t he  bas i s  f o r  the systems 
design i n  t h i s  report .  
The mold under consideration is  designed s o  t h a t  the  blade cav i t i e s  
a r e  p a r a l l e l  t o  each other  t o  allow a l l  t h r ee  blades t o  be processed 
simultaneously. With t h i s  arrangement, t he  width of t he  mold i s  g rea t e r  
than the length. The mold length is  a little longer than thc  length of 
a s ing le  blade, while the  mold width i s  g rea t e r  than the  width of th ree  
blades.  The d i r ec t ion  of movement of the  mold through the  furnace is  
p a r a l l e l  t o  the mold length. Table 4-6 gives the  overa l l  dimensions of 
a s ing le  blade and mold. These mold dimensions were determined ,as follows: 
Mold length = blade length + (25 mnl per  end)(2 ends) 
= 110 + (25) (2) 
= 160 mm = 16 cm 
Mold width = (No. of blades) [blade width + (12 nun per  blade s i ze )  
(2 s ides ) ]  + (12 mm per  mold s ide)  ( 2  s ides)  
= (3) [43 + (12) (211 + (12) (2) 
= 225 mm = 22.5 cm 
Total mold height = bladc hcight + (mold thickness per  ha l f  mold) 
(2 halves) 
= 32 + (3) (2) 
= 38 mm = 3.8 cm 
Cther proper t ies  of the mold which must be considered other  than 
s i z e  and c a s t a b i l i t y  or formabil i ty  of the mold mater ial ,  a r e  thermal 
conduct ivi ty ,  thcrmal shock res i s tance ,  mechanical s t rength ,  densi ty  and 
\ 
cos t .  High thcrmal condi~c t iv i ty  of the  mold is  necessary t o  allow rapid 
TABLE 4-6 : RZ-NELT b101,D DIMENSIONS FOR CONTINI!OUS SYSTEPI 
Number of blades per mold . 3 
Blade dimensions 
Maxi~c~~nl length 
Maximum width 
Maximum height 
Spacing (minimum) between blades 
Extra mold dimensions outside of 
blade region 
width, each side 
length, each side 
Thickness of mold wall 0.3 cm 
Overall dimensions of mold 
width 
length 
height (maximum) 
hcating and control led cooliilg of the  blades during the  process cycle.  
Good thermal sho . r c s i s t sncc  is required t o  prevent t l~crmal  spa l l i ng  or  
cracking of the  mold during the rapid heating cycle. Excellent mcchanical 
s t rength i s  required t o  prevent breaking, spa l l i ng  o r  cracking as a 
r e s u l t  of s t r e s s e s  imposed during s h u t t l e  launch o r  during handling by , 
human o r  mechanical means p r i o r  t o  the  process cycle .  The mold mater ial  
and mold fabr ica t ion  must be of low cos t  because i n  a l l  l ikel ihood most 
molds w i l l  be broken during removal of blades a f t e r  processing and thus 
cannot b e  reused. The molds should be expendable. Weight of the  molds 
i s  important during s h u t t l e  launch but  as w i l l  be seen l a t e r ,  the  densi ty  
of the  mold mater ial  may not be a confining f a c t o r  i n  the  se l ec t ion  of 
t he  mater ial .  The low weight and high thermal conductivity of the qolds 
d i c t a t e s  a thin-walled mold. 
4.4.1.3 Furnaces 
Ihe type of continuous furnace system s e t  fo r th  i n  t h i s  report  f o r  
preliminary consideration f o r  t he  production of tu rb ine  blades i n  space 
is based on the  following assumptions: 
a. Open-end type furnace 
b, Unpressured space chamber during process cycle  
c. Continuous conveyer system t o  move t h e  molds through the  furnace 
a t  t he  des i red  r a t e  
d. Total  time o f  blades (not molds) i n  furnace chamber as  e i t h e r  
61.5 or' 370 minutes (from Table 4-2) 
e. Controlled cooling occuring within the  furnace chamber 
f. Refractory thickness of 15 cm on a l l  s ides  of t h e  furnace 
g. Furnace chamber width and height  dependent on mold s i z e  
h. Furnace system length equal t o  length of  conveyer 
i .  Furnace system divided i n t o  seven zones: 
1) Loading zone of conveyer - where mold i s  loaded mechanically 
2) Preheat zone - region of re f rac tory  a t  f ron t  end of furnace 
3) Heating zone - blade brought t o  temperature 
4) Dwell zone - blade he ld  i~ ool ten  s t a t e  
5) Cooling zone - cont ro l led  cooling r a t e  f o r  d i r ec t iona l  
s o l i d i f i c a t i o n  
6) Post cooling zone - region of re f rac tory  a t  r e a r  of furnace 
7) Unloading zone of conveyer - mold unloaded mechanically 
j . Process time f o r  a oiven blade is based on the  time of t r a v e l  
of t he  mold througr, .he e n t i r e  length of t he  conveyer system 
and not  t he  time t h e  blade is  i n  t h e  cont ro l led  h o t  zones 
k. Dimensions of furnace chamber based on time t h a t  any small 
element of the blade and not  t he  e n t i r e  blade is i n  t he  chamber 
1. Portions of t h e  blade may be i n  t he  hcat ing,  dvc l l  ant1 cooling 
zones simultaneously 
m. Rate of mold t r a v e l  through furnace as  0.05 mm per  scc (7.1 in/hr)  
This l a s t  assumption is based on the physical need of a f i n i t e  
furnace length and a reasonable r a t e  of sample movement. Tl~c ins ide  
b 
chamber length of the  furnace and the  r a t e  of mold t r a v e l  was se lec ted  
as  follows: 
Assume : 
a. Chamber length of furnace i s  equal t o  length of heat ing zone 
plus length of dwell zone plus  length of cooling zone. 
b. Time of blade i n  chamber ;s equal t o  the  time from entrance of 
f ron t  end of blade t o  e x i t  of r ea r  end of blade. Therefore, 
t o t a l  length of t r a v e l  of any small blade element is  equal t o  
the furnace chamber length plus blade length o r  L = f + 110 mm 
where f  i s  t he  furnace chamber length. 
c. Total length of t r a v e l  of any small blade element a l so  i s  equal 
t o  t h e  product of t h e  time of t r ave l  and the  r a t e  of t r a w l  o r  
L = ( t )  (R) 
d. Minimum time as 61.5 min o r  36.9 x lo2  sec  [l]  
Maximum time as 370 min o r  2 2 . 2  x lo3 scc [ l ]  
e .  Normal r a t e s  f o r  e u t e c t i c  d i r ec t iona l  s o l i d i f i c a t i o n  have varied 
between 0.0068 and 0.14 nun per s ec  [ 2 , 3 ] .  Thus, t o  cover t h i s  
range, t h ree  r a t e s  0.1,  0.05 and .005 mm per s ec  were evaluated. 
From assumptions (b) and (c ) .  
f + 110 mm = ( t)  (R) 
f  = ( t )  (R) - 110 
For R = 0.1 mm per  s ec  
t = 61.5 min; f  = 25.9 cm 
For R = 0.05 mm per  s e c  
t = 61.5 min; f  = 7.45 cm 
t = 370 min; E = 100 cm 
1 
I 
-7-m.n I -... ' r.4.-.-.-.-"".., J 
, - 
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For R = 0.005 mill per sec  
t = 61.5 min; E = -9.2 cm 
t = 370 min; f  = 0.1 cm 
.$ 
The r a t e  of 0.005 mm pcr  s ec  is iaipracticablc fo r  t he  spec i f ied  times. 
I n 
Of the  two remaining r a t e s ,  0.05 mni per s cc  was se lcc tcd  because i n  b 
general the  bes t  r c s u l t s  a r e  obtained during d i r ec t iona l  s o l i d i f i c a t i o n  
with the  slowest r a t e .  The f a s t c r  t hz  r a t e ,  the g rca t e r  t h e  possible  
v ibra t ion  and chance f o r  addi t ional  and unwanted nucleation. 
The overa l l  furnacc system cannot consis t  so l e ly  of t he  furnace 
chamber. provisions must be made f o r  re f rac tory  a t  each end of t h e  
chamber t o  minimize heat  loss .  Also, some means of l o o d h g  and tinloading 
of t he  furnace must be provided. For a continuous type furnace, a 
conveyer system must be used t o  move the  product through the  furnace. 
The minimum length of t h i s  conveyer system i s  equal t o  t h e  sum of the  
furnace chamber, t h e  re f rac tory  thickness a t  each end of the  chamber, and 
s u f f i c i e n t  length a t  each end f o r  loaGing and unloading the  molds. Based 
on the  o r ig ina l  assumpt io~~s  and a i.lade t r ave l  r a t e  of 0.05 mm/sec, t he  
overa l l  furnace and conveyer dimensions required a r e  given i n  Table 4-7. 
Figure 4-2 shows a diagram of t he  proposed furnace system. The length 
of the hcat ing and dwell zones a r e  q u i t e  small but can be changed within 
the  overa l l  furnacc dimensions, depending upon the  required temperature 
gradient i n  the  cooling zone. The length of each zone was determined on 
the  b a s i s  of time and not  temperature gradient .  The length of 20 em 
f o r  t he  loading and unloading zones is  based on a mold length of 16 cm. 
The furnace chamber width m d  height were determined from the  following 
r c l a t  ionships : 
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TABLE 4-7: FURNACE SYSTEM AND 1'ItIES REOllIRED T(7 PRODUCE .j 
14,400 RI..IDES PER bK)N'rH 
Dimensions based on time ; 
of blade in  control led 
Furnace dimensions based on mold s i t c  furnace zones 
from Table and r a t e  of mold 
t r a v e l  of 0.05 mm/sec 370 min 61 .5  min 
1 Total  length of system 
I 1 A .  Loading zone, of conveyer 8. Preheat zcno ( rc f rac tory  thickness)  
: C .  Furnace chamher i 1. Heating zone 
i 2. Dwell zone j 3. Cooling zone D. Post cooling zone ( re f rac tory  thickness) 1 E.  Unloading zone of conveyer 
I 
I Ins ide  furnace chamber dimensions Width 
i Height I Rcfractory thickness on a l l  walls 15.00 cm 15.00 cm 
Ovcrall f t , r i~ace  dimensions 
Width 
Height 
I Total  length of n ~ l d  t r a v e l  154.00 cm 61.50 cm 
I Time f o r  mold zo t raverse  system 8.55  h r  3.4: h r  
I 
Time f o r  600 mold/furnacc o r  1,800 blades 
(one mold/br) 23.30 davs 25.10 d 
Time f o r  mnintcnonco and refurbishment i n  
every 30 days 
No. of furnaces requircd t o  produce 14,400 
!~lades/month 
chamber width = mold width + 2.5 cm 
= 22.5 + 2.5 = 25 cm 
chamber height  = mold height + assumed conveyer thickness 
i The length of mold t r a v e l  i s  equal t o  the conveyer length minus the  mold ' 
length (Figure 4-2). 
Table 4-7 a l s o  gives the times required for  each furnace t o  process 
t b09 molds o r  1800 blades.  Th i s  time is bascd on loading a mold on the i i conveyer every hour (60 minutes) and on the  following re la t ionships .  
Time f o r  one mold - length of mold t r a v e l  
t o  t r ave r se  system r a t e  of t r a v e l  
Total  time t o  process 
600 molds = (time f o r  one mold) + (599) (1 h r  f o r  each 
addi t ional  mold) 
I t  is in t e re s t ing  t o  compare thc process times of 370 and 61.5 minutes 
i n  t he  control led temperature zone using a continuous conveyer and loading 
a mold on the  system every hour. Under these conditions,  the  overa l l  
time required t o  produce the  necessary blades d i f f e r s  only by the  I 
i differencd i n  time (0.2 days) f o r  the  f i r s t  mold t o  completely t raverse  
the conveyer system, regardless  of  the  time i n  the control led furnace 
region. In c i t h e r  case,  a minimi-im of eight  (8) furnaces a r e  required t o  
produce a t o t a l  of 14,-;1"0 blades per month. The only d i f fe rence  between 
the  systems is the  furnace length required. As w i l l  be seen l a t e r ,  i t  
i s  not the  furnace s i z e  but  t he  s i z e  of t he  s torage system required 
f o r  600 molds per  furnace o r  a t o t a l  of 4800 molds which is t h e  main 
f ac to r  i n  determining the  amount of space (volume) needed per con+inuous 
furnace system i n  the  space factory.  
Tho rate of 0.05 mmlscc (7.1 in/hr) is probi~bly too €as t for thc 
I high melting eutsctics usc:~blc for turbine blades and will in all ,$ 
likolihood eliminate a continiious rcsistuncc furnace systcm under the 
* 
! assumed conditions, Howovc~, it may hc technic;~lly possible to uso 2 1 
faster solidification rates at zero gravity. Also, with J i  I'fcrent b , 
7, 
boundary conditions of time and funace size, the basic continuous 
furnace concept may be usaable. Therefore, consideration is given 
to the entire facility required for a continuous process because the 
firnace seems to be the smallest item in size. 
4.4.1.4 Materials Storngc !;ystcm 
The production of 14,400 blades at tllrrc per molt1 requires n total 
of 4,800 molds. With the use of eight furnaces, 601) molds pcr f111.11nce 
have to be handled and stored. A possible materials storage system 
(hereafter called "rackst') can toke many Jif fcrcnt shapes or dcs igns. a 
However, to conserve space in the factory, a "circular- typeu rack system 
for each furnace was selected. This system in reality consists of three 
rectangular racks in a triangular arrangclnent on a revolving circular 
base (Figure 4-3). Each rack is capable of holding 200 molds. 
For ease of crew handling during refurbishment, each rack is 
subdivided into removable combartments or subracks. Each compartment 
contains eight (8) molds. Each rack then consists of 25 comparte~ents 
( 5  by 5 ) .  The subdivision of the racks into removable compartmcnts allows 
the 4,800 molds to be handled as 600 units. This general type of multi- 
mold handling is necessary because, if cach individual mold is handled, 
a total of 9600 units on each shuttle trip would have to be moved between 
the shuttle and the factory. The usc of rcmovab'e compartments means 
only 1200 units need be handled. 
The general configuration of both the removable compartmcnts and 
a single rack are shorm in Figures 4-4 and 4-5 ,  Tne design of the 
entire rack system is based on the use of either a Boron-Aluminum 
composite or the LA141-A alloy. The latter is a lightweight alloy 
containing 144 lithium, 1% aluminum and the balance magncs ium. Because 
of the strength difference between thcse two materials, slightly different 
dimensions are required in cach casc. The design dimensions used for 
the compartments and racks arc shown in Tables 4-8 and 4-9, respectively, 
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(1 mold by 8 molds) 
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FIGURE 4-3: POSSIBLE MATERIALS STORAGE SYSTEM FOR CONTINUOUS FURVtICE 
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FRONT 
MOLD SEAT 
SIDES 
ALL DIIQNSIONS I N  CENTI1,ETERS 
LlACK HAS SANE SUPPORT 'iTRUi;TURE 
AS SICES 
ALL MATERIALS OR COEPONENTS ARE 0.25 ca. THICK. 
FIGURE 4-4 :  DIAGRAM OF REWVAI, COMPARTI'ENT IN RACK ;YSTEM FOR 
CONTINUOUS FURNACE 
FRONT 
BACK COMPAR rMENT 
SEAT 
ALL DIMENSIONS I N  CENTIMETERS 
CWARTETNT SEAT THICKNESS - 0.5 ca. 
ALL OTHER COt!PO:IENTS ARE 0.25 cm. thick. 
FIGURE 4-5: DIAGRAM OF RACK SYSTEM FOR CONTINUOUS FURNACE 
TABI,E 4-8: REFIOVAD1,E COMPARTMENTS OR SllRRACKS 
B-A1 
Mold sea t  dimensions 
Outside 
Width (cm) 
Depth (cm) 
Ins iae  
Width (cm) 
Depth (cm) 
Thickness (cm) 
Number of s e a t s  including top 
bolume of s ea t s  (cm3) 
Vert ical  d i s tance  between s e a t s  (cm) 
Vert ical  supports 
Width (cm) 
Thickness (cm) 
Length (cm) 
Total number 
Total  volume (cm3) 
Total volume of mater ial  i n  one 
compartment (cm3) 
Total vclumc of mater ial  i n  25 
con~partments ( 1  rack) (cm3) 
Overall dinlens ions of cach compart~nent 
Width (cm) 
Depth (cm) 
Height (cm) 
Yeild s t r e s s  (UTS f o r  B-A1) (psi)  
Maximum load 6 supports can car ry  ( l b )  
Maxiinum allowables \it. @ 2 lb/hlade ( l b )  
Load st 10 C's ( lb)  
i 
I 
: 
1 
I i * 
I 
1 
i 
"; 
TABLE 4-9: RACK REO(I1REMENTS I 2 : 
Compartment s ea t  dimensions 
Width (cm) 24 
Depth (cm) 17 
Thickness (em) 0.5 
Number including top  30 
Distance between s e a t s  (cm) 40 
3 Volume of mater ial  i n  s c a t s  (cm ) 6,020 
, Ver t ica l  supports 
Width (cn) 2 2 
Thickness (cm) 0.25 0.25 
Length (cm) 203 213 
Number of supports 18 18 
Total  volume of supports (cm3) 1,827 I ,917 
I Total  volume of mater ial  i n  one rack (cm3) 7,847 7.937 i Overall dimensions of one rack Width (cm) 121.5 121.5 Depth (cm) 17.25 17.25 
Height (cm) 203 21 3 / 1 Diameter of c i r c u l a r  base (cm) 160.36 1 C O .  35 
1 X Maximum load supports can car ry  ( lb)  139,500 21,925 
Maximum allowable w t .  @ 2 lblblade ( l b )  1,20(! 1,200 
Load a t  10 G's 12,000 12,000 
Appendices A an<i B i l l u s t r a t e  how a l l  values in  Tables 41-8 nlld 4-9 
wcre determined. Appcndix D sliows thc  rl~cthod i'or detcrlnining tlis dixnctcr  
of the circi i lnr  rack bast. 
Also sho;crn i n  these  Tables i s  a comparison of the maxi~:~uni load 
each systcm can carry t o  the  maxi~lium expcctcd lo.~cl during launch of a ' 
s h u t t l e .  Similar  rack systems mus-i bc present i n  the s h u t t l e  a s  r ~ c l 1  
as  the  space factory.    he maximum expected load i s  based on a maximum 
load of two pounds t o t a l  weight per  blade (14,400 x 2 = 28,800). The 
cargo s h u t t l c  load is only 32,000 pounds. The load on various members 
during launch i s  considered t o  be ten (10) times the  s t a t i c  load. Thc 
maximum load each system can car ry  i s  based on the  simple re la t ionship :  
S t r e s s  = load/arca 
The load is assumed t o  be divided equally between a l l  v e r t i c a l  support 
members. This assumption i s  not s t r i c t l y  correct  bu t  is s u f f i c i e n t  f o r  
these calcu!ations and fo r  the  dc ts r~nina t ion  of allowable mold dens i ty  
which i s  discussed l a t e r .  I t  i s  evident i n  the  case of both the  compart- 
ments and rack t h a t  t he  system i s  over-designed with respect t o  t he  
cross-sect ional  area of the  v e r t i c a l  supports.  This i s  in ten t iona l  i n  
order  t o  be sure  t h a t  a l l  systems a r e  within thc allowable cargo weight 
on each s h u t t l e  t r i p  and t o  withstand launch vibrat ions.  
A sunmary of t he  nirrnher of racks, comp:lrtments a1111 ~nolds rccluircd 
by e ight  continuous furnaces t o  proccss 14,400 blades i n  l e s s  than 30 
days is  givcn i n  Table 4-10. A t o t a l  o f  b00 molds per  furnace must be  
automatically moved from the  racks t o  t h e  furnace conveyer and then 1 
replaced a f t e r  processing. Thus a computerized mater ials  handling 
mechanism must be employed. The computer system a l s o  must control  t he  
c i r c u l a r  movement of t h e  racks a s  required. 
E i the r  of two methods can be u t i l i z e d  t o  move the  n~olds between 
the  racks and t h e  conveyer system. The f i r s t  method involves moving 
compartments a s  u n i t s  back and f o r t h ,  posi t ioning of compartments a t  
e i t h e r  end of t he  conveyer, removing t h e  molds from and replacing them 
i n  the  compartments. Also involved is  the  mechanisms required f o r  locking 
and unlocking the  molds t o  t h e  conveyer. This method would be q u i t e  
complex because on the  order  of  13 t o  15 individual  s t eps  would be 
necessary . 
The second method involves handling of  cach individual  mold d i r e c t l y  
from t h e  rack. This method would requi re  l e s s  complex equipment and 
computer programming. The cnvisioned procedures required t o  process 
individual  molds d i r e c t l y  from the  rack involves: 
a. Unlocking the  mold i n  the  compartment; 
b. Removal of mold from compartment i n  the rack; 
c. Moving thc  mold t o  t he  s t a r t  of t he  conveyer; 
d. Locking the  mold t o  t hc  conveyer; 
e. Unlocking the  mold from the  conveyer a t  the  cnd of the  process; 
f .  Moving the  mold back t o  the  rack; 
j 
i TABLE 4 - 10 : SU>PlARY OF blf\TERTALS STORZCE SYSTEV Ah'n FURNACES REOU IRED 
TO PRODUCE 14,400 RLADES IN 30 DAYS 
j 
Number of racks/furnace 
Number of compartments/rack 
Numher of compartments/furnace 
Number of molds/compartment 
Number of molds/rack 
Number of molds/furnace 
Number of hlades/furnace 
Total number of furnaces 
Total number of racks/8 fi~rnaces 
Total number of compartments/8 furnaces 
Total number O F  molds/8 furnaces 
Total number of bladcs/8 furnaces 
g. I'ositionilrg oC thc mold in  i t s  i n i t i a l  place in  thc  rack; 
h. Locking tllc mold i n  place.  
One mittcrials handling meclrnnisln per  funlace i s  required. Thc time 
sequence w i  11 be such t h a t  t he  mold removal and replacing s teps  should 
not i n t e r f e r e  with each other.  However, f o r  e f f i c i e n t  operat ion,  the  4 
ro t a t ing  rack system must be revers ib le .  Tile time sequence of events is  
such t h a t  t he  rack f o r  continued removal of the  molds before t he  f i r s t  
rack has been completely r e f i l l e d  with processed molds. With an in t e rva l  
of one hour loading time and a t o t a l  process time of 8 - 5 5  hours per  mold, 
the  overlap period between two racks involves a t  l e a s t  fourteen (14) 
molds (seven i n  each rack) .  The rack system must r o t a t e  back and fo r th  
between t h e  two racks during t h i s  overlap period. 
With the  problem of ;~e igh t l e s sncs s ,  a number of small devices o r  
mechanisms need t o  be developed t o  prevent the  molds from f loa t ing  f r e e  
i n  the  space factory.  Such devicss should not be d i f f i c u l t  t o  make and 
thus not be of technolopjczl hindrance t o  the  development of t he  space 
factory.  ,Some of these  necessary devices a r e  indicated below: 
a. Mcchanlsm f o r  locking mold i n  the  compartment. This mechanism 
must b e  capable of automatic locking and unlocking by the  mater ials  hand- 
1 ing equipment . 
b.  Mechanism f o r  locking compartments i n  rack. Needs only t o  be 
hand orera ted  by the  s h u t t l e  crew. 
c .  Mechanism fo r  locking and unlocking mold t o  conveyer system. 
These .nold lscks on t h e  conveyer system must not d i s t o r t  a t  the  process 
tempeyature used. This system could be nothing more than simple hooks 
on the conveyer. 
d o  Mechanism f o r  mater ials  handling t o  move mclds from racks t o  
conveycr and then back. This could hc s imi l a r  t o  remotc control  equip- 
ment u t i l i z e d  i n  the nuclcor industry. 
4.4.1.6 Totnl System 
The overa l l  dimensions requircd f o r  n rack system itnd n furnace 
i n  a continuous operation a r c  given i n  Table 4-11. Also slr~wn is the 
assumed "floor-space" necessary f o r  each u n i t  plus the mater ials-  
handling mechanism. This "floor-space" i s  j u s t  t he  dimensions required ' 
f o r  pos i t ion ing  each system i n  the fac tory .  I t  does not consider the 
factory space which w i l l  be requircd by the s h u t t l e  crew f o r  maintenance 
and refurbishment. 
Figure 4-6 i l l u s t r a t e s  i n  block form a poss ib le  arrangement of a 
t o t a l  furnace system. Each system w i l l  r equi re  a volume of approxitnetely 
37.5 m3 (Table 4-11). Because e ight  (8) furnaces o r  furnace systems' 
a r e  needed, a t o t a l  volume of 300 m3 of space is  necessary t o  process and 
s t o r e  14,400 blades i n  l e s s  t3an 30 days. If t he  eiki,t furnace systems 
a r e  arranged i n  a pa t t e rn  2 high,  2 long and 2 wide, t h e  poss ib le  space 
required would be 8 m (high) x 13 m (long) x 9 m (wide). This is  consid- 
e r ing  1 m between each system and 1 m crawl space around the  t o t a l  
system. The t o t a l  volume necessary is then of t he  order  of 936 m3. 
This overa l l  volume could be reduced by increasing the  number of blades 
per  mold and thus reducing.the number of furnace systems required. 
A- MATERIALS STORAGE 
0- MATERIALS HANDLING 
C- FURNACE SYSTEM 
D- CIRCULAR RACK BASE 
FIGURE 4-6: BLOCK DIAGRAPl OF SPACE REQUIRED FOR A SINGLE CCNTINUOUS 
.\ 
FURNACE SYSTEM. 
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TABLE 4-11 : SPACE REQUIREMENTS IN FACMRY RASED ON FURNACE 
CONTROL TIME OF 370 YINUTES 
Des i qn Floor 
Dimensions Space 
1. Rack 
a. Diameter of base 
b.  Height (max.) 
2. Furnace conveyer 
a. Length 
b. Width 
c. Height 
3. Material handling mechanism 
a. Length 
b. Width 
c. Height 
4. Total System 
a, Len~ti~ (la + 2b + 3h) 
t Width (3a) 
c Height (lh or 3c] 
5. Area for furnace system 
6. Volume per furnace system 
7. Total area for 8 furnace systems 
8. Total volume for 8 furnace systems 
IS in* 
4.4.1.7 Allownhlc Flold C1ensity , 
- 
The s h u t t l e  caygo load of 32,000 pounds r c s t r i c t s  tllc cornl~inccl 
weight of the mater ials  s t o r a ~ e  system, molds and blndcs. Also, t l ~ c  
number of blades which can t e  processed between s h u t t l c  t r i p s  i s  t h c n  
l imited. The production of 14,400 blades between s h u t t l e  t r i p s  r c s t r i c t s '  
the  ,naximum allowable weight f o r  the  e n t i r e  system t o  two pounds par 
blade (14,400 x 2 = 28,800 lb s . ) .  This only leaves 3200 pounds f o r  
other  equipment ox instruments. To prevent breakage o r  o ther  damage t o  
the molds during launch, some type of s torage f a c i l i t y  i n  the  s h u t t l e  
must be provided. Therefore, it is  assumed t h a t  the  same type of rack 
system with removable compartments as  required i n  the  factory w i l l  be  
used i n  the s h u t t l e .  This w i l l  allow d i r e c t  exchange of the conpartments 
(containing molds) between the  s h u t t l e  and the factory.  The only d i f fe rence  
between the s torage systems would be the  arrangement of the  racks i n  
the s h u t t l e  and a c i r c u l a r  rack base would not  be rcquired. 
Under t he  conditions of the nlold design and the mater ia l s  s torage 
system des,ign, as already s e t  fo r th ,  the allowable maximum mold densi ty  
was calculateti  using three  weight l imi ta t ions  t o  dctcrmine i f  i l c ~ s i t y  was 
. (1 major r e s t r i c t i o n  on thc.mold mater ial  used. The three  weight l imita-  
t i ons  assumed were 1, 1 .5 and 2 pounds per  b l a d ~  f o r  the  t o t a l  system. 
The allowable mold densi ty  was computed on the  bas is  O F  one rack. Table 
4-12 gives the volume of the  formed molds, the  weight of the blades,  the  
weight of the  rcck and compartments and the al10w~abI.e mold densi ty  under 
each condition. The mold volume was determined by assuming a 25 perccnt 
increase i n  mold surface area a t  the biildc cav i t i e s .  Appcndix C i ! lustrates  \ 
how a l l  values were obtained. The densi ty  of a boron-aluminum composite 
.$ 
TARI,E 4- 12 : ALLOWABLE NILD DENSITY 
Total  volume of matcr 'al  i n  1 rack and 25 
9 f compartme ts  (cm ) 13,502 19,412 Dcnsitv (qm/cln ) 2.7 1.35 
Tota l  w t .  of mater ia l  i n  1 rack and 25 
compartmer\t s (pm) 3.65  x 104 2.62 x 104 
Volume of  mater ia l  n e r  mold (cm3) 237.3 237.3 
Volume of 200 molds (cm3) 47,460 47,460 
Number o f  blades pe r  rack 600 600 
W t .  of 600 blades C 200 gm 12 x 104 12 x 104 
Assume max. a l l o t ~ a b l e  v t  . of  1 l b  (454 gm) 
pe r  blade f o r  t o t a l  system 
\ t a x .  allowable w t ,  (am) 27 -24 x lo4 27.24 x 104 
Allowable wt. f o r  200 molds and 
1 rack system (gm) 15.24 x lo4 15.24 x 104 
Allowable r ~ t  . f o r  200 molds ( m) f 11.59 x lo4 12.62 x 104 Allowable mold dens i ty  (qmlcm ) 2.44 2.66 
Assume max. allowable w t .  of 1 .5  1h (681 gm) 
per  blade f o r  t o t a l  svstem 
'tax. allowable w t .  (pm) 40.86 x in4 40.86 x 104 
Allowable w t .  for  200 molds and 
1 rack svstem (nm) 28 x lo4 28.86 x lo4 
Allovable w t .  f o r  200 molds (gm) 2 5 . 2 1 ~ 1 0 ~  2 6 . 2 4 x 1 0 4  
A1 lovablc mold dens i ty  (cm/cm3) 5.3 5.53 
Assume max. allowable wt . of  2 l b  (908 gm) 
oc r  hladc f o r  t o t a l  svstem 
!lax. a l l o \ ~ a b l c  wt. (gm) 54.48 x lo4 54.48 x 104 
Al lo \~ab le  w t  . f o r  200 molds and 
1 rack system (gm) 42.48 x 104 42.48 x 10: 
Allovable w t  . f o r  200 molds ( ~ m )  38.83 x lo4 39.b2 x 10 
A1 l w a b l e  mold dens i ty  (m/cmb) 8.17 8.39 
i s  esscnt in l ly  t h a t  o f  the  alurninul\~ a l loy ,  and for t h i s  work, tllc Jcnsi ty 
L 
i of aluminum (2 .7  Rm/cm3) was chosen. The blade wcight was obta inc~l  by 
weighing a s i n ~ l e  blade (199.3 gm) and f o r  sa fe ty  purposes, assumcd t o  
be  200 gms . 
Regardless, whether the boron-alunrinum con~posit o r  t.hc LAlJlt\ ;tlloy ' 
is  used f o r  the construct ion of the  mater ials  s torage system, thc  allow- 
ab le  mold densities do not vary much under the same design conditions.  
When the maximllm weight of one pound per  blade i s  assumed, the mold 
densi ty  is r e s t r i c t e d  t o  about 2.4 gm/cm3. When the  weight per  bladc i s  
assumed t o  be e i t h e r  1.5 o r  2 pounds, the  mold densi ty  can i n c r e ~ s e  t o  
5.3 and 8.2 gm/cm3, respect ively.  In the  f i r s t  case,  the r e s t r i c t i o n  of 
one pound per  blade could reduce the  number of possible  mold m a t c r i ~ l  
candidates.  However, by increasing the  allowable weight t o  1.5 pounds 
per  bladc, densi ty  should no longer be  a f ac to r  i n  t he  se l ec t ion  of 
t he  mold mater ial .  I t  i s  rea l ized  t h a t  a more e f f i c i e n t l y  designed 
s torage  system and/or mold design might cnable the allowablc weight t o  
be decreased t o  one pound per  blade without imposing undue mold dcnsi ty  
r e s t r i c t i o n s .  Bct te r  design could, a t  some l a t e r  da t e  i n  the program, 
allow e i t h e r  an increase i n  the  blade production o r  allow sharcd s h u t t l e  
missions. The major r r : s t r ic t ions  a t  t h i s  time t o  the se l ec t ion  of the 
mold mater ial  sccms t o  be  thermal conductivity,  formabil i ty ,  dimensional 
s t a b i l i t y  and mechanical s t rength .  
4 . 4 , l .  8 Po\.rcr Rcquiremcnts 
4 A I i l r j i~  amount of power w i l l  be ,.equircd t o  opernto c i  gltt j J ~ I ~ ~ ~ C C S  
continuously. Eventhough, pcak powcr t o  heat the furnaces is ; q u i r c d  
only once i n  every 30 dny period, n high level  of power is continuously 
r\?quircd. Bccause the  f ina l  furnace design iilcluding the refractories ' 
involved, the mold dr;;ign, and the blade mater ial  have not been de ter -  
mined, i t  is d i f f i c u l t  t o  est imate the  e l e c t r i c a l  power requ:remc;nts. 
1 Evenso, an order  of magnitude of t he  energy required t o  r a i s e  the  tern- 
pera ture  of ti:e molds and blades t o  t h e  process temperature can be mada. 
Such an est imate was made using t h e  following assumptions: 
i 
I a. Mold 
1, Width - 22.5 cn 
2. Thickness - 0.6 cm 
3. Material - molten cas t  mul l i te  
4. Density - 3.3 g/cm3 [S] 
5. Spec i f i c  hea t  - 0.3 c a l  g - ' ~ - l  [4] 
6. Softening point  - 3340F (1838C) (51 
b. Blade 
1. Width - 4 cm (max. a t  base) 
2. Thickness - 1.8  cm (max. a t  base) 
3. Material  - Nickel-tungsten e u t c c t i c  (11 - 
composition - SSNi, 4SW [7] 
4. Density - 11.75 g/cm3 (calculated)  
5. Spec i f i c  heat - 0.15 cal [h] 
6 .  Melting point  - !502C [7] 
7. Heat of fusion - 75.8 c;l/g f o r  N i  [8] 
44 m:/g f o r  W [el 
c. Rate - .05 mnl/scc 
d. Cilwge i n  rcml)erature = maxinlum tcarpcrature - 1SGOC [ I ]  
Molten cas t  mul l i tc  [S] was s e l c ~ t e d  ~ C C ; ~ L I S C  of i t s  rc1:itively 
high softening poin t ,  i ts  r e l a t ive ly  low porosi ty  (0.5-1'4,) :and i t s  
dimensional s t a b i l i t y  (no appreciable change i n  volume a t  1590- 1650C) . 
The nickel-tungsten eu tec t i c  has been suggested by C.E. [ I ]  f o r  contain- 
l e s s  melting. The eu tec t i c  density was calculated on the bas is  of t!le 
weight percent of tlie two elcmentsin the  al loy.  Values f o r  spec i f i c  
heat m d  hcat  of fusion f o r  t h i s  cu t ec t i c  a l loy  a r e  unknown. However, 
most nickel a l loys [6] have a C of 0.1 t o  0.2 c a l  a t  about 1550C P 
so  t h a t  an average value of 0.15 was assumed. The heat  of fusion f o r  t he  
N i - W  eu t ec t i c  should be between the  elemental values. Thus f o r  an order  
of magnitude of energy required,  the highest value of t he  heat of fusion 
( f o r  nickel)  was used. 
The energy necessary t o  r a i s e  t he  temperature of t he  mold 1560C i s  
q,,; = (MCpAT) (4.185) 
where 
M = ( r a t e )  (cross-sect ional  area) (density) 
Cp = s p e c i f i c  heat  
qM = 1454 watts 
The energy necessary t o  r a i s e  the temperature of the  blades 1560C is 
q B  = [ i N C  AT) (4.185) + haf (4.185)] [no. of blades] 
P 
= [(4.185) (M) (CpfiT + hf ) ]  [no. o f  blades] 
hf l a t e n t  hcat  of fusion 
q B  = 2166 watts 
The t o t a l  energy rcquircd per furnace t o  raise the  tempcrat.ure of 110th 
This energy does not take in to  considcration any heat  loss  t o  t he  environ- 
ment. tleat loss  ;(ill be n ~ a i ~ i l y  by radia t ion  s ince  the  e n t i r e  system 
should  be operatcd i n  an unpressurizcd factory. The use of o the r  mold 
mater ials ,  mold dcsigns, and blade a l loy ,  may lower the  energy require-  
ments. Even s o ,  a t  l e a s t  3000 watts of power per  furnace system w i l l  be 
necessary t o  maintain t h e  process. For e ight  furnace systems, a t o t a l  
of 24,000 watts of power a r e  necessary. This is almost i n  the  range of 
4 10 t o  2 x lo4 watts reported by G.E. f o r  containerless  melting (11. 
4 . 4 . 2  B:~tch Process 
The batch res i s tance  furnace process 3s developed is q u i t e  s imi l a r  
t o  the  continuous process i n  t h a t  a multi-blade mold is  required. How- 
* 
ever ,  the  e n t i r e  system f o r  a batch process should be e a s i e r  t o  design 
than the  continuous process.  The following assumptions werc made i n  t he  * 
de*-nlopmcnt of t h e  batch process. 
a. The process is  a simple re-melt operation. 
b. The use of a mold i n  which t h e  dimensions are detennincd i n  
t he  same manner as  t h e  continuous process.  
c. The requirement of an expendable multi-blade mold. 
d. Total  process time of approximately 600 hours t o  produce 
14,400 blades.  
e .  So l id i f i ca t ion  r a t e  a s  e i t h e r  0.05 o r  0.00353 mm/sec (7.1 and 
0.05 in /hr ,  respect ively)  . 
f. The development of e i t h e r  a gas cooling system o r  r ec i r cu l a t ing  
l i qu id  system t o  obtain t h e  cor rec t  s o l i d i f i c a t i o n  r a t e s .  
g. Materials s torage system or rack with removable compartmen$s f o r  
ease of crew handling. 
h,  Unpressurized factory. 
i. The sanlc bas ic  boundary conditions of main tc~~ance  time, number 
of s h u t t l e  t r i p s ,  and s h u t t l e  cargo load as out l ined  i n  the  continuous i; 
process. 1 
Table 4-13 shows the  development of the  number of (a) blades per  mold, i 
Z 
;"8 (b) molds, (c) furnaces,  (d) racks, and (e) removable compartlncnts P 
requircd f o r  each s o l i d i f i c a t i o n  r a t e .  In each case,  these a r e  the  same f ?$ 
P 
using the  assumption of approximately a t o t a l  time of 1.3 houri per  hea t  
.% 
TABLE 4-13: DATCII 1:IIRNACE SYSTEFl AND bnLDS REaJIRED M 
PRODlJCE 14,400 BLA!)ES PER MONTH 
Item 
I Solidification Rate 
.05 mm/scc .00353 m / s c c  
7,l in/hr .5 inlhr i 
I 
I 
Blade length ! 
cm 11 11 I 
inches 4.33 4.33 
Time of solidification/heat (hr) .61 8.66 
Assumed time for heating, dwell and materials 
handling/heat (hr) 
Total assumed process time/heat (hr) 2 10 
Total allowable processing time (hr) 600 600 
No. of heatslfurnace in total time 3 00 60 
No. of furnaces 8 8 
No. of blades/furnace 1800 1800 
No. of blades/heat 
No. of blades/mold 
Required no. of heating chnmbers/furnace 1 5 
No. of molds required/furnace 300 300 
No. of rackslfurnace 2 2 
No. of molds/rack 1 SO 150 
No. of compartments/rack 30 3 0 
No. of molds/compartment 5 5 
I .  
--. -P  
f o r  mater ials  handling, Iicating and J i ie l l .  l ' i i t .  i~trij o r  J i  l'l't.*rcncc l~~*twccn 
these s o l i d i f i c a t i o n  r a t e s  i s  the  number of hl::lts pcr  furn .~cc  chamhcr 
which can be made i n  600 hours. With a r a t c  of 7.1 in / !~ r  (0.05 mm/sec) , 
300 heats  can be made, and thus,  a n o G a l  s ing le  chamber furnace can be 
used. Only 60 heats  per  furnace chamber can bc made using a r a t e  of b 
0.5 in /hr  (0.00353 m/sec )  , and a multi-chamber (S cl~ainbers) furnace 
(Figure 4-7) must be  u t i l i z e d  t o  produce the  required number of blades.  
If a s i n g l e  chamber furnace is used f o r  t he  slower s o l i d i f i c a t i o n  r a t e ,  
fo r ty  furnaces ins tead  of e ight  \ ~ o u l d  be required. The " f loor  space" 
necessary t o  house f o r t y  furnaces and the  associated mater ials  handling 
and s torage  systems would be excessive. 
The overa l l  furnace dimensions depend on the  mold s i z e  and the  num- 
be r  of clrambers. Table 4-14 givcs t he  dimensions f o r  a s ix-blade mold 
and t h e  furnaces necessary f o r  each s o l i d i f i c a t i o n  r a t c .  The only d i f f e r -  
ence i n  dimensions of the multi-chamber furnace compared t o  t h e  s i n g l e  
chamber furnace is the  height  (120 and 36 cm, respect ively) .  The length 
and widt :~,of  each furnace i s  dependent only on the  mold s i ze .  
The mater ials  s torage  system foi- both so l id i f j  cat ion r a t e s  i s  t he  
same. Two racks per  furnace with 30 removeablc compartments a r e  used. 
Each rack i s  f i ve  compartments wide, s i x  high and one deep. Each com- 
partment i s  one mold wide, f i v e  high and one deep. This combination 
involves 150 molds o r  900 blades per rack. 'The colapartmcnt and rack 
dimensions a r e  given i n  Table 4-15 and 4-16. The same general dcsign 
as f o r  t he  continuaus process was used, cxccpt,  a c i r c u l a r  rack base i s  
not now nceded. The use of removeable compai.tmcnts a1 lows the  mold t o  
bc ha~c!!eri i n  un i t s  of f i v c  during refurbish~ncnt.  W i t 1 1  300 molcls per 
ALL DIMENSIONS IN CENTIMETERS 
FIGURE 4-7: MULTI-CHAMBER RESISTANCE FURNACE FOR BF.TCH PROCESS. 
TABLE 4-14: DIMENSIONS OF FK)I,DS AND FUT,NACES FOR BATCH PROCESS 
# 
Item 
Solidification Rate 
.05 mm/sec .00353 m/sec 
7.1 in/hr .5 in/hr 
Mold dimensions 
lengtn (cm) 
height (cm) 
width (cm) 
I Surface area/mold (cm2) 752.6 . 752.6 
Volume/mold (d) t 451.5 451.5 1 No. of molds/rack 150 1 SO 
/ Total mold volume/rack (cm3) 67.73 x lo3 67.73 x lo3 
I Dimensions of each furnace chamber width (cm) 
height (cm) 
depth (cm) I Refractory thickn'esr on all walls (cm) 15 15 
No. of furnacc chambers 
i j Overall furnace dimensions length (cm) 
width (cm) 
height [cm) 
t 
TABLE 4- 15 : DIMENSIONS OF COMPAR13~UNTS FOR Rt\TC:I1 PR0Cf:S.S 
Item Dimensions 
Mold seat 
width (cm) 
depth (cm) 
height (cm) 
thickness cf scat (cm) 
No. of mold seats including top 
No. of required vertical supports 
length (cm) 
width (cm) 
thickncss (cm) 
Overall dimensions 
width (cm) 
depth (cm) 
height (cm) 
Volume/mold seat (cm3) 
Volume of'6 seats (cm3) 
3 Volume of 6 supports (cm ) 
Total volume of 30 compartments (cn3) 
( ) Inside dimensions of mold scat. Mold sent is a frame. 
'rAn1.E 4-16: DIB1I':NSIONS 01: RACK FOR BilTCtI PROCESS 
Item Di~ncns ions 
Compartment seat 
width (cm) 
depth (cm) 
height (cm) 
thickness of each seat (cm) 
No, of seats including top 
Volume of compartment seat (cm3) 
Total volume of scats (cm3) 
Required no. of vertical supportslrack 
Width of support (cm) 
Thickness of support (cm) 
Length of support (cm) 
Volume of 18 supports (cm3) 
Overall rack dimensions 
width (cm) 
depth (cm) 
height (cm) 
3 Total volume/rack (cm ) 
Totnl volumc of rack and 30 compartments 
(cm3) 
furnace n t o t a l  of 4800 molds nust be handlcll during refurbis;rment. Using 
rc!noveablc compartments cotltainir~g f ive  molds each, a t o t a l  of only 960 I i 
uni t s  must be moved I)otl~ \gays betttecn thc  s l ~ u t t l e  and factory.  i 
To s implify the cn l cu la t io r~s  of t he  volumo of mater ial  i n  tne  rack ,\ I 
system (Table 4-15 and 4-16), a l l '  conlponents were considered t o  be 0.5 A i 
cm thick and a l l  v e r t i c a l  supports as  2 cm wide. With t h i s  as a b a s i s ,  ! 
the  maximum allowable mold densi ty  was determined (Table 4-17) f o r  t h e  
same conditions as the  continuous process.  Using e i t h e r  a boron-aluminum 
composite o r  a l loy  LA141A f o r  t he  rack system construct ion,  t h e  average 
3 allowable dens i t i e s  a r e  5.5 and 8.5 g/cm f o r  1.5 and 2 pounds per  blade,  
respect ively,  f o r  t he  e n t i r e  system. Naturally,  with t h e  use of a boron- 
aluminum composite and i t s  high s t rength ,  th inner  s t r u c t u r a l  members can 
be used and thus,  increase t h e  allowable mold densi ty .  The c ross-sec t ior  
of the  v e r t i c a l  supports i n  both the  racks and compartments a r e  over- 
designed espec ia l ly  considering a boron-aluminum composite. 
As i n  the continucus process,  a mater ials  handling mechanism is 
necessary t o  move the  mold from the  racks t o  the furnace and t o  re turn  
the  molds a f t e r  processing. 'Jith a s i n g l e  chamber furnace only the  
molds need be handled. A multi-chamber furnace probably would requi re  
movement of thc  removeable compartments t o  the furnacc, and then loading 
the furnace from the compartment. This would involve s l i g h t l y  mow 
complex cquipment. 
Table 4-18 gives the  volume necessary t o  house e igh t  t o t a l  furnace 
systems using a batch process. The bas i c  assumptions made were (a) the, 
two racks per  furnacc a r e  2 m apar t  allowing room f o r  the mater ials  
handling cquipment hctween the  racks and (b) the  e n t i r e  system is constructed 
TABLE 4-17: ALID1VABLE MILD DENSITIES FOR BATCH PROCESS 
Total volume of material for rack system (cm3) SO.76 x lo3 30.76 x 105 
Dcnsi t y (p/em3) 2.7 1.35 
Total weight of naterial/rack system (g) 83.06 x 1 G  41.53 x loS 
No. of blades/rack 960 900 
Wt. of 900 blades @ 200 g 18 x lo4 18 x 1 d  
Total mold volume/rack (aS) 67.73 x 10s 67.73 x 10s 
Assume max. allowable wt. of 1 lb (454 g) 
per blade for total systen 
Flax. allowable wt. (g) 40.86 x lo4 40.86 x lo4 
Allowable wt. for 150 molds g) I 14.55 x 10' 18.71 x 10' ,Allowable mold density (f/cm ) 2.1s 2.75 
Assume max. allov3ble wt. of 1.5 lb (681 g) 
per blade for total system 
Max. allowable wt. (g) 61.29 x lo4 61.29 x lo4 
Allodable wt. for 1SO.molds g) J 34.88 x 10' 39.14 x lo4 Allowable mold density (g/cm ) 5.1s 5.78 
Assume max. allwable wt. of 2 lb (908 g) 
per blade for total system 
Max. allowable wt. (I) 8 1 . 7 2 ~ 1 0 ~  8 1 . 7 2 ~ 1 0 ~  
Allowahle wt. for 150 molds g) I SS.4lX1o4 ~ 9 . ~ 7 ~ 1 0 4  Allowahle mold density (f/cn ) 18 8.8 
TABLE 4- 18: SPACE REQUIREMEN'I'S IN FACTORY FOR BATsH PROCESS 
Item 
1. Rack 
a. width (a) 
b. depth (m) 
c. heiph: (I) 
1. Furnaces 
a. width (I) 
b. length (I) 
c. height (I) 
3.  .%ace f o r  materials handling mechanism 
or space botwecn racks 
a .  width 
5. length ( l a )  (a) 
c. height (lc) (n) 
4.  Space f o r  one furnrco s y s t a  
width (m) (3a + Z(lb)] 
length (n) [ l a  + 2b 
s 7. Total volumc f o r  8 furnace s y s t e m  (a ) 
( ) values f o r  7.1 in/hr ,  a l l  other  values for 0.5 in/hr 
a. 
i n  si1cl1 a n1:rnnc r t lr;\t four  !'~lrnaccs arc I) ,~ck t o  I);~ck.  A genc].;~ 1 layout 
of tlrc tcrt;il s y s t c : ~ ~  i s  S I I O W I ~  in  Figure 4-8. Only 153.2 m3 o f  sp:rcc is 
3 rcquil .c~t  f o r  t h e  slow solic!i Cic ;~t ion ratc and 107.5 m f o r  t h e  f a s t  r a t e .  
Co~rs tsuct io t l  ~f t h e  to t i r l  system s o  t h a t  four  furnaces  ilrc back t o  
back shi~l i ld  s i n p l  i fy  t h e  eqtti prncl~t ncccssary  t o  o b t a i n  t h e  dcs i r e d  solid-1 
i f i c a t i o n  r a t e s .  r a t e s  may be  obta ined us ing e i t h e r  gas cool ing o r  
r e c i r c u l a t i n g  l i q u i d  system. Only two devices  (one p e r  fu rnace  group) 
a r e  then needed i n s t c a d  o f  e i g h t  (one p e r  fu rnacc j .  This  does mean t h a t  
a l l  process  s t e p s  f o r  each furnace i n  a group must o p e r a t e  s imul tancously .  
The peak power requirements o f  a ba tch  process  w i l l  i n  a l l  l i k e l i -  
hood be  g r e a t e r  than  f o r  t h e  continuous process .  fIowever, l e s s  t o t a l  
power would be consumed i n  tlrc batch ope ratio^ because o f  t h e  long o f f  
t imcs dur ing  cool ing.  I t  is a l s o  p o s s i b l e  t h a t  t h e  furnaces  dur ing each 
cool ing c y c l e  necd not  be  cooled t o  t h e  temperature  o f  t h e  surrounding 
environment. Th i s  would reduce somewhat t h e  power requ i red  i n  t h e  next 
h e a t i n g  cyc le .  I r r c g a r d l e s s ,  an o rdc r  of 2000 wa t t s  p e r  fu rnace  chamber 
w i l l  b c  necessa ry .  For a s i n g l e  chamber furnace ,  o t o t a l  of  16,000 
wa t t s  would b e  needed. A five-chamber furnace  would r e q u i r e  10,000 w a t t s  
p e r  furnace  o r  a t o t a l  o f  80,000 w a t t s .  
ALL DIMENSIONS IN METLRS 
TOP ( )  SINGLE CHAMBER FURNACE 
u 
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4 .S  New Tcclu1n1oc.y 
,-J 
The economic study of tllc manufacture of J i r ec t ionn l ly  so l id i f i ed  
eu tec t i c  type turbine blades i n  space poin ts  t o  tllc need f o r  the develop- 
ment of new technology i n  a t  l e a s t  th ree  areas. Thcse areas  a r e  (a) a l l oy  
a 
spec i f ica t ions ,  (b) mtld material  and design f o r  re-melting the  blades,  
and (c! furnace design. New technology required i n  each of  these areas  
i s  based on the  assumption of producing 14,400 blades i n  approximately 
25 days leaving 5 days per  month f o r  maintenance and refurbishment. The 
obvious needs for new technological advances i n  the  above areas a r e  discussed 
i n  the following sect ions.  
4.5.1 Alloy Specif icat ions 
a. Density of a l loy  which a f f ec t s  the  allowable densi ty  o f  the  mold 
material .  This i s  mainly important during s h u t t l e  t ranspor ta t ion .  
b. Melting p0ir.t of a l loy  which a f f ec t s  the  se lec t ion  of mold mater ial  
t o  withstand the p2ocess temperatures, the power requirements t o  br ing 
the materials t o  temperature and the  furnace aesign. 
c.  Cooling r a t e  required f o r  desired d i rec t iona l  s o l i d i f i c a t i o n  
mi.crostructure and propert ies .  This grea t ly  a f f ec t s  the number of furnaces 
necessary, number of blades per  mold and the  type ( s i ze  and configuration) 
of the mater ials  s toraze  sjstem. 
4.5.2 Mold Material and Design 
a. Development of  mold with +h: rllowing cha rac t e r i s t i c s .  
1) f a i r l y  l i g h t  weight (thin-walled b u t  not nccessar i ly  
low density) 
2) high thermal conductivity t o  reduce timc of heat ing and 
cooling cycles.  
3) high  s t rength  t o  withstarld hnnd!;ng dtrring refurbishment 
and processing. 
4) h i g h  thermal shock res i s tance  t o  withstand the rapid heating 
and cooling cycles.  
5) a b i l i t y  t o  be formed i n t o  a two-part mold with a thin-walledb 
complex shape ( she l l  rnold type). 
6 )  exce l len t  dimensional s t a b i l i t y  during blade processing. 
7) means of locking mold halves together  t o  minimize f lashes  
o r  runs and, thus, blade re jec t ion .  
8) r e l a t i v e l y  inexpensive so t h a t  mold can be expendable. 
9) capable of holding a minimum of three  t o  s i x  blades t o  reduce 
thc  number of furnace systems required.  
b. Development of conlpatible pre-cast  blades and molds t o  produce 
the necessary dimensional tolerances of the  blades during the  re-melt 
process.  ?he thermal expansion and contraction of the blade during melting 
and s o l i d i f i c a t i o n  and of  the mold during the  process cycle neces s i t a t e s  
exce l len t  ,control of mold cavi ty dimensions and the  pre-cast blades 
dimensions. The pre-cast  b l  .de must f i t  i n t o  the  mold p r i o r  t o  the process 
and have t t e  correct  dimensions afterwards. Tcclmologically, t h i s  may be the  
g rea t e s t  handicap t o  overcome f o r  tu rb ine  blade processing i n  space. 
4.5.3 Furnace D e s i ~  
a. Devciopmeilt of m.,nr; t o  obtain a constant temperature across a 
wide furnace chanl~er t o  withi2 2 o r  3 degrees t o  minimize process d i f fe rences  
bctween blades in  tne sarnc ~nold. The chamber may vary f-rom 25 t o  43 cm 
wide and be about 7 cm h igh .  
b. Devclopmcnt of  quick change heating ele~ncnts  and rcf  ractory 
l i n ing  t o  minimize crew time during maintenance and refurbishment. 
c.  Devclopmcnt of l i g h t  weight furnace t o  minimize l sunc l~  loads 
during construction of pernanent space factory. 
d. Development of cooling system t o  obtain the  desired so l id -  a 
i f i c a t i o n  r a t e s .  For a continuous type furnace, t h i s  would I1:ean a col \ t rol led 
temperature gradient  along the furnace length. For a batch funlace, son:e 
means of gas cooling o r  r ec i r cu l a t ing  l i q u i d  cooling system must be 
provided. The l a t t e r  could even involve moving the furnace a t  a cont ro l led  
r a t e  away from the cooling system and thus reduce the  need t o  grea t ly  cool 
the  furnace during each cooling cycle.  
e. For a continuous furnace system, the development of a conveyer 
system which w i l l  maintain the  molds in  place during passage through the 
furnace and not  thermally d i s t o r t  a t  the process temperature. 
f. Development of an open-end furnace f o r  a continuous system with 
minimum heat  l o s s  t o  minimize overheating of the space factory.  
4 . 5 . 4  o t h e r  Conccrns 
-
Other probable areas of  concern involve (a) the devclopment of a 
strong, l i g h t  weight frzme system o r  rack f o r  holding the la rge  number of 
mold during t ranspor t  and s torage and (b) mater ials  handling equipment 
s 
f o r  moving molds from racks t o  furnace and re turn .  The f i n a l  designs of 
these depend on the  number of molds which a re  storaged and handled. No 1 
r e a l l y  new technology i s  needed f o r  these systems. However, one important 
,i 
area which i s  outs ide the scope of t h i s  report  docs need considerable 
:i 
study. This i s  the  advancement i n  the means of  producing la rge  amounts of 4 
,: 
electrical power in outer-space. Nuclcar power generation could be 
considered for an unmanned permanent space factory where the process is 
discontinued during maintenance and refurbishment. 
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4.7 Appendix A 
Dimensions and Volume of Removable Compartments 
Overall width of mold seat = mold width + 0.5 cm 
Overall depth of mold seat = mold length + 0.5 cm 
Inside width of mold seat = overall width - 2 cm 
Inside depth of mold seat = overall depth - 2 cm 
Vertical distance between seats = mold height + 0.7 cm 
Volume of each seat = [(overall width) (ovsrall depth). - (inside width) 
(inside depth)] (thickness) 
Total volume of seats = (volume/seat) (9) 
Length of vertical supports = height of compartment 
= (vertical distance between seats) (8) 
+ thickness of seat (9) 
Width of compartment = (width of seat) + (thickness/support)(Z) 
Depth of compartment = (depth of seat) + (thickness/support) 
Total volume of vertical supports = (lcngth)(width)(thickness)(6) 
Total volume of material in compartment = total volume of seat + 
total volume of supports 
blaximum load 6 supports can carry = (area)(yield stress) 
= (width/support) (thickness/support) 
(6 supports) (0. I55 in2 (yield stress) 
3 
4 .8  Appendix B 
Rack Dimcnsions and Volwne 
Width of compartlnent s e a t  = width of compartment + . 5  cm 
Depth of compartment s e a t  = depth of compartment + .5 cm * 
Vert ica l  d i s tance  between compartment s e a t s  = height of compartment + 
(1.75 cm f o r  the  B-A1 composite 
o r  1.5 cm f o r  t he  LA141A a l loy )  
Volume of each compartment s e a t  ( so l id)  = (width) (depth) (thickness) 
Total  volume of compartment s e a t s  = (volume/seat) (30) 
Length of v e r t i c a l  supports = height of rack 
= ( v e r t i c a l  d i s tance  between sea ts ) (S)  + 
(thickness of s ea t s )  (6) 
Width of rack = (width of  compartment sca t ) (S)  + 
( thickness  of supports) (6) 
Depth of rack = (depth of compartment s e a t )  + thickness of support 
Total volume of v e r t i c a l  supports = (length) (wjdth) (thickness) (18) 
Maximum load 18 supports can car ry  = (area) (y ie ld  s t ress)(width/support)  
(thickness) (18 supports) (0.155 in2  
ZT 
(y ie ld  s t r e s s )  
4.9 Appendix C 
Mold Volume and Allowable Density 
Surface area of each mold half = surface area of flat mold + 
(25% blade area) (no blades) 
= (mold length) (mold width) + a 
(. 25) (blade length) (blade width) 
(no b lades/mold) 
'~'otal volume per mold = (surface area) (thickness/mold half) (2 halves) 
Total volume of 200 molds = (volume/mold) (200) 
Total volume of material in 1 rack and 25 compartments = (total volume/ 
compattment) (25) + volume of 1 rack 
Weight of material in 1 rack and 25 compartments = 
(volume of material) (density of material) 
Allowable weight for 200 molds = (maximum allowable weight) - (weight of 600 
blades) - (weight of material per rack system) 
Allowable mold density = Allowable weight for 200 molds 
Volume of 200 molds 
Diametcr Dcterminotion of Circular  Base f o r  Ilnck 
(From Figdre 4-9) 
The radius ( r )  of t he  circumscribed c i r c l e  ;thout an equ i l a t e r a l  t r i ang le  'is 
where, a  is s i d e  of t r i ang le  o r  width of rack. 
From trigonometric functions i n  a r i g h t  t r i a n g l e  
b = d cos 60' 
c  = d s i n  60' 
where, d i s  t he  depth of t h e  rack. 
Also, from a  r i g h t  t r i a n g l e  
R~ = ( r  + b12 + cz 
where, R i s  the  radius of the c i r c u l a r  base. 
Subs t i tu t ing ,  
- 
Diameter of base, D = 2R 
. 
RACK 
$ 
0- CENTER OF CIRCLE WITH RADIUS R AND CENTER OF EQUILATERAL TRIANGLE 
WITH S I D E S  EQUAL TO a.  
FIGURE 4-9: DIAMETER DE'TERMINATION OF CIRCULAR BASE FOR RACK. 
5. tIIGH PURITY TUtlGSTEN TARGETS 
5.1 Introduction 
X-ray t a rge t s  were se lec ted  as  candidates f o r  space p r ~ c e s s i n g  because 
of the very high value per  X-ray tube, I t  was f e l t  t h a t  any increase  i n  
t he  longevity of X-ray tubes,  a s  a r e s u l t  of space processing, might generate 
bene f i t s  of a s u f f i c i e n t l y  la rge  magnitude t o  overcome the  cos ts  of space 
t ranspor ta t ion .  
The following assumptions were used i n  t h e  analysis  developed on t h i s  
sec tor .  
a)  Tl,a manufacture's u n i t  s a l e s  p r i ce  of X-.ray tubes was $1,918 i n  1974. 
b) Tungsten t a rge t s  were valued a t  $87 per  pound with 1.5 pourld t a r g e t  
cost ing $130 i n  1974, 
c) X-ray tubes have a usable l i f e  of 2 years under hosp i t a l  (o r  radio- 
log ica l  lab  conditions and) o r  20,000 exposures under conditions of l e s s  
intense u t i l i z a t i o n .  
I _  
d) The r a t e  of growth of t h e  stock of X-ray machines w i l l  be  constant 
w e r  t h e  planning period. 
i The r a t e  of growth of t h e  u t i l i z a t i o n  of X-ray macF7rs w i l l  be 
constant over t h e  planning period. 
f l  Actual U.S. population growth w i l l  not d i f f e r  from Bureau of t h e  
Census est imates .  
5.2 0escr:ption of Tungstcn Targets 
- 
High pu r i t y  Tungsten was se lec ted  as  a mater ia l  t o  considcr f o r  1 I 
space processing because Tungsten Targets used i n  x-ray tubes have severa l  
cha rac t e r i s t i c s  one o r  a l l  of which may r e s u l t  i n  cost  saving through space 
mater ia l  processing a t  near  zero grav i ty .  F i r s t ,  from an economic stand- 
po in t ,  Tungsten Targets have a high value per  pound, and x-ray tubes have 
a very high value pe r  u n i t .  T ~ n g s t e n  is used i n  coqjunction with an I i 
f 
extremely high cost  metal, Wlenium, t o  produce x-ray t a ~ g e t s .  However, t he  I I 
use of high cost  Tungsten-Rhenium a l loys  could be  avoided i f  t he  i inpurit ies 
i n  Tungsten could be  removed through low grav i ty  manufacturing techniques. 
Secondly, an improvement i n  t he  qua l i t y  of x-ray p i c tu re s ,  a s .  a r e s u l t  of 
improved Tungsten Targets ,  would produce external  bene f i t s ;  t h a t  i s ,  improved 
p i c tu re s  would mean l e s s  cumulative exposure of individuals  t o  x-rays. 
F ina l ly ,  the  l i f e  of a Tungsten t a rge t  could be lengthened by processing the  
metal i n  a near zero grav i ty  environment. 
From a physical  and engineering s tandpoint ,  Tungstcn Targets f o r  
x-ray tubes s!>ow promise f o r  space manufacturing because of :h,p c h a r a c t e r i s t i c s  
of space manufhcturing vs. g~ound manufacturing 111 Space manufac tur in~  would 
be expected t o  increase t he  purity  of  t h e  Tungsten used i n  x-ray t a rge t s .  
This r e s u l t s  from the  a b i l i t y  LO l e v i t a t e ,  melt superheat and pur i fy  comer-  
c i a1  grade Tungsten i n  a near zero gravi ty  without t he  use of co i~ t a ine r s  o r  
forming too l s  (2). 
Tungsten o r  Tungsten Alloy Targets a re  used i n  medical a r t s  x-ray tubes; 
t h e  t a r g e t s  a r e  bonbarded with high in t ens i t y  e lec t rons  i n  order  t o  produce 
x-rays. An improved ~ u n ~ s t e n  Target would have higher  m i l l i  ampere r a t i ngs  
and would ha.ve s laal ler  foca l  spo ts  which would r e z u l t  i n  g rea t e r  x-ray d e t a i l .  
An improvement in these opcrnting rharacteristics of x-ray tubes would 
result in higher tliennal strcsses on the Tungsten Tn~gets and will require 
l'ungs ton of higher purity. 
Ttr,igsten is used in tl~c production of x-ray targets because of its 
high melting point and high atomic number which allow Tungsten Targets to 
withstand surface deterioration caused by the high temps-atures ptoduced 
along with the x-rays that are generated. Cornon causes of x-r;y tube 
replacement are: (a) bearing noiPc and bearing failure and (b) deposits 
of Tungsten on the glass envelope of the x-ray tube in the vicinity of the 
filament. 
The powder metallurgy techniques used in the gravity environ~ent 
production of large Tungsten Targets introduces impurities into the finished 
targe- Furthermore, final stages * - ',argct preparation involve (.he rolling 
and forging of porous Tungsten at high temperatures, which adds additional 
impurities ts the metal. The impurities will melt and evaporate when the 
Tungsten Target is put into use. The evaporation of Tungsten impurities may 
produce a high voltage-puncture of the x-ray tube. Thc space manufacturing 
process should bc able to eliminate most of the impurities in Tungsten 
that are inhexcnt in the pow,'er metallurgy techniques presently us -!d to 
process Tungs tala. 
Gravity environment techniques of manufacturing Tungsten Targets 
reduce the ductility of the finished Target AS a result of impuritie? in 
the form of carbon from dies and or rolls, and atmospheric oxidizing or 
nitriding. 'Ihe ductility c: the metal is also reduced because of hctto- 
geneous blending of Tungsten particlss. The homogeneity of the mass of 
blended particles is difficult to nai : t-ain using powder nets1 lurdy techniqdes . 
However, in a space environment, materials can be randomly mixed in the 
absence of gravity. Near zero gravity processing techniques, making use of 
levitation and forming controls applied while the commercial Tungsten is 
i n  a liquid state, should produce Targets of high ductility. 
The development of a procedure for producing Tungsten Targets in 2 
near zero gravity environment would allow for the development of high purity 
targets having a better microstracture than their ground prcduccd counter 
parts. The advantage space processing wculd have over ground processing 
hinges on the us* of levitation (under vacuum conditions) to achieve 
melting of Tung~ ten without ---*icibles. This would allow for the consequent 
purification of Tungsten zt melt or at superheating temperatures. 
The requirements associated with ;pace processing ot High Purity Tungsten 
x-ray targets ere important in three are?s[3].~ungsten Target production in 
space would be sensitive to the degree of inorbit gravity, the level of 
contami~,itioq, arL3 electromagnetic fizld. The major process equipment 
required of a Space Yaterial Processing Facility (SMPF) used in space pro- 
cessing of pure Tungsten Targets involve levitation control equipment, a 
furnace, local heating equipment; the forming equipment required in space 
proce5,ir.g includes a large electric power generator, thermal coritrcls, 
contamination controls, cooling equipment, stabilization controls and prcs- 
surizaticq equipment. The SYPT? must .e autoxated and the SMPF would use 
com~t:ercial Tungsten as a raw material. Along with the Tungsten Targets, 
the SMPF would produce gas, heat, and solid waste material which would have 
:o be cleared frcm the SMPF. 
Tn summayy, the SMr'F pzocess required to produce pure Tungsten Targets 
could presumably involve the lr~vitation of comnzrcial grade Tungsten metal 
1 
1 
i 
without the use of a container. The levitated melt would bc zone refined 
; 
and superheated to drive off impurities. The pure Tungsten would then be 
solidified while floating in near zero gravity under vscuun conditions. 
The commercial grade Tungsten that forms the primary input in this 
process would first be preprocessed on the ground in the form pressed, 
sintered bar stock slugs. The Space Material Process Facility referred to 
earlier would process the slugs into fine grained spheroids of pure Tungsten. 
The pure Tungsten would then be removed and finally processed into x-ray 
targets on the ground. 
Work done by General Electric Corporation suggests that the pure 
Tungsten Spheroid produced in space might have a radius of .025 meters and 
a weight of 1.25 kg. The total time required from melt to the formation of 
the Tungsten Spheroid, for a batch to be completed in the SMPF, would range 
from 15 to 50 minutes. 
In order to assess the economic potential of Tungsten prscessing in 
space an estimate of cost savings resulting from the use of pure Tungsten 
Talgets will be undertaken. This assessment first involves estimating the 
existing stock of x-ray machines and Tungsten Target components; and then 
estimating the future demand for replacement of Tungsten Targets during 
the year study period. Secondly, demand for new x-ray machines and the 
component x-ray tubes must be estimated over the study period, 
5.3 Calculation of the Demand for X-Ray Tube in the United States 
- 
In FY 1973, approximately 243,800 medical arts x-ray (dental and 
medical) machines were in use in the United States [4].In addition, about 
6.558 non-medical ~ r t s  x-ray machines were in ope7ation in U.S. laboratories. 
However, t h i s  study i s  l imited only t o  t he  dcmand f o r  Tungsten Targets used 
i n  x-ray tubes employed i n  t he  medical a r t s  i n  t he  United S t a t e s .  In  t h e  
recent  pas t  t he  number of den ta l  ruld medical x-ray u n i t s  have increased a t  
an annual r a t e  of about 5 percent .  This growth r a t e  i s  expected t o  extend 
i n t o  t h e  fu ture .  The non-medical a r t s  x-ray machines i n  s e rv i ce  have 
increased a t  a r a t e  of about 22 percent per  year .  However, non-medical 
a r t s  x-ray equipment was no t  included i n  t h i s  ana lys i s .  These f igures ,  along 
with population est imates  (See Table 5-1) , w i l l  be used t o  ca l cu l a t e  t h e  
growth i n  denand f o r  x-ray u n i t s  over t h e  twenty year study period (Table 5-2). 
The r e~ lacemen t  demand f o r  ant iquated x-ray equipment and thc  ne t  growth i n  
new demand f o r  x-ray equipment is shown i n  Table 5-4. 
In  order  t o  determine t h e  demand f o r  x-ray tubes,  it i s  necessary t o  
know how in tens ive ly  t h e  x-ray machines w i l l  be used each year of t he  planning 
period. The number of  new and replacement x-ray tubes a r e  a furiction of  t h e  
s tock of x-ray machines i n  use each year and the  number of exposures (or  
p i c tu re s  taken) per  x-ray tube. Table 5-2 shows the  projected number of  
exposures f o r  x-ray tubes during the  planning period. I t  i s  assumed i n  t h i s  
paper t h a t  t he  l i f e  of  an x-ray rube w i l l  average 2 years or 20,000 exposl~res.  
The i n t e n s i t y  of use of x-ray tubes depends t o  a la rge  Jegrec on 
whether t h e  x-ray machines a r e  used f o r  denta l  o r  meaical purpobes [SL  survey 
r e s u l t s  f o r  1961, 1964, and 1970 show t h a t  t he  r a t e  of use of dental  x-rays 
per  100 persons i n  t he  United S t a t e s  increased rapidly over t he  9 year 
period. I t  appears t h a t  33.8 persons out of every 100 non-inst i tut iona-  
l i zed  persons had denta l  . i - -ays  made i n  1970. Persons between 15-29 make 
the  g rea t e s t  use of x-ray se rv ices  and the  use of dental  x-ray treatment 
TABLE 5-1: TOTAL t'OPUL4TION: UNITED STATES, 1970 t o  2000 
(Tbtal population i n c l t ~ d i n g  Armed Forces overseas) 
Year ( J u l y  1) Scr ies  C Ser ies  D S e r i e s  E* Ser ies  F 
Estimates (thous.) : 
1970 205.879 204,879 204,879 204,879 
1973 210,4C4 210,401 210,404 " 210,404 
Projections ( t h o u . )  : 
1975 215.872 215,324 213.925 213,378 
1980 230,955 228,676 224,132 . 22 1,848 
1985 238,711 243,935 235,701 230,513 
1990 266.238 258,692 246,639 239,084 
1995 282,766 272,211 256,015 245,591 
2000 300,406 285.969 264,430 250,686 
Percent Increase: 
" 1973-1975 2.6 
1975- 1980 7.0 
1980- 1985 7.7 
1985-1990 7.0 
1930- 1995 6.2 
1995-2000 ' 6.2 
Percent Increase 
s ince  1973: 
1975 2.6 
1980 9.8 
igas 18.2 
1990 26.5 
1995 34.4 
2000 42.8 
Sourcc: U.S. lurcsu of  the Ccnsus, Current P s u l a t i o n  Reports, "Estimates of t h e  
Population of the Unitcd S ta tcs ,  by Age and Scx: April 1. 1970 t o  Ju ly  1, 1972," Scr ies  
P-25, So. 490; and i b i d . ,  "Projecticns of the Population of thc  United S ta tes .  by Age and 
Sex: 1972 t o  2020," Ser ies  P-25, No. 493; and ib id . ,  "Estimates o f  the  Population of  the  
United S t a t e s  t o  August 1, 1973,- Ser ies  P-25, No. 506. 
*Note: Ser ies  E was used ?or the  population project ions r e l a t i n g  t o  the  demand f o r  
T u ~ g s  ten Targets 
TABLE 5-2: ESTIClATES OF THE NUMBER OF X-RAY EXPOSURES AND X-RAY MACHINES IN USE I N  
THE UNITED STATES FROM 1975 TO THE END OF THE PLANNING PERIOD 1991 
U.S. . h t a l  X-Roy Visits Dental X-Rw Medical X-Ray Visits k d l c a l  X-Ray 
~ o p u l n t i o n  (1000)' pe r  100 persons2 Vis i t s  _11000)~ per 109 persons 2 v i s i t s  ~100012 
2iS,925 S9.8 85,142 60.9 130.280 
215,787 41.0 88.473 61.9 133,280 
217,745 42.2 91 ,888 62.9 136.36t 
219,794 43.4 95.391 63.9 . 140.448 
. 221,926 44.6 98.979 64.9 144,030 
224,!32 45.8 102.663 65.9 147,703 
226,399 47.0 106,408 66.9 151.461 
228,709 48.2 110,238 67.9 - 1SS,293 
231,044 49.4 114.1% 68.9 159,189 
233,381 SO 6 118,091 69.9 163,133 
235,701 51.8 122,093 70.9 167,112 
237.989 53.0 126.134 71.9 171,114 
240,235 ' 54.2 130,207 72.9 175,131 
242.429 55.4 1U.SO6 73.9 179,155 
244,566 56.6 138.424 74.9 183,180 
246.639 57.8 i42.557 75.9 187,199 
248.645 59.0 146,701 76.9 191,208 
I 
P.nt.1 X-Rap ' W i c a l  X-Ray Total 1 - b y  Dental X-Ray Visits Medical X-R8y Visits 
Machines (10001S Machines (1000)s Machines (10001s per machine pcr sachlne 
Dental' X-Ray Medical X-Ray Dental X-Ray Expos.lre Uedical X-kay Exporun 
Ex~osures  Per V i s i t  Exposures Per Visit per  machine per machine 
Totals  nay not cqual t o  the  su? of subca tagor lo  becatuc of rounding. 
l ~ ~ s r ~  on U.S. 8xrcau of Car.-us. C:rrrvt ronulation Rcnqrts, Ser ies  P-25, No. 506. 
?t.~scd rr U.S .  Ft.p4rtmcnt of l k t i ~ 1 ~ u c n : i i n .  ,ind r . * : l r ~ . - c ,  Burcall of Pldiological  Health, 
F o y u l a t 1 a n i ~ ~ ~ 7 r )  X - ? I ~ * :  I I . 5 .  1970, :;cuell.cr 1375. 
SBasrd or. U . 5 .  ucl,.lrt.cltt r,t tic-~llh, l o ~ i c a : ~ o r ~ ,  and :iclf.lrc. Butcau of Radiolo#icol I{calth, 
Report of S t a t e  and Local Rad~olopical  llcalth P rogruu ,  July 1974. 
increases  rap id ly  with ir,comc. In cont ras t ,  it apI)cars t h a t  the  medical 
x-ray r a t e  i s  largely indcpendent of income. 
Sample survey da t a  f o r  1961, 1964, 1970 suggests t ha t  persons make 
more medical x-ray v i s i t s  than dental  x-ray v i s i t s .  In 1970, it was e s t i -  I 
mated t h a t  the r a t e  of use of medical x-rays per  100 persons was 55.9. 
Ho\~cver, fewer exposures a r e  taken per  medical v i s i t  than i n  the  case of 
dental  v i s i t s .  Again, as  income increases ,  t he  frequency of use of medical I 
a r t s  (dental  and medical) x-rays increases .  This suggests t h a t  r i s i n g  r e a l  I 
incomes, as well  as  g rea t e r  s o c i a l  emphasis and individual  a t t en t ion  t o  I 
personal hea l th ,  w i l l  r e s u l t  i n  t he  continued rapid growth of x-ray use by 
the  United S ta t e s  population. We might expect conservatively t o  s ee  r e a l  I 
n income increase by 2 percent per  anndm over t he  study period,  This kind of I 
i 
r e a l  income increase would be associated with a median family income of 
$14,986 i n  1990 as  opposed t o  $10,281 i n  1971 (See Table 5-3). 
I t  should be noted here t h a t  t he  r a t e  of usage of x-ray serv ices  I 
by the  United S t a t e s  population increases  i n  t he  case of medical x-mys up I 
t o  t he  age of 60. However, t he  r a t e  of usage of dental  x-rays decli-nes I 
a f t e r  persons reach t h e i r  ea r ly  20's i n  the United S ta t e s .  Figure 5-1 
suggests t h a t  the  1990 age d i s t r i b u t i o n  w i l l  continue t o  support the  growing 
demand f o r  denta l  x-rays associated with increases i n  r ea l  income. For 
! purposes of t h i s  ana lys is ,  it was assumed t h a t  the  r a t e  of dental  x-rays I 
per  100 persons would increase by 1.0 percent per annum. The respec t ive  I 
k r a t e s  would be 39.8 and 60.9 per  i O O  population i q  1975 and would grow t o  
54.2 and 72.9 per  ,i00 i n  1987. 
,. 
t 
i The demand f o r  Tungsten Targets f o r  medical a r t s  x-ray tuhes used i n  I 1 & 
I 
E the  bni tcd S t a t e s  depends on the  number of new x-ray machines put i n t o  
1990 BOTn SERIES ACE 20 &YO OVER; 1990 EXCESS O f  SERlEI C 
BOTM SERIES F WOfR 20 VCARS OYtR SIRIES F WOfR 20 YEARS 
1882-I687 1900-1905 
1007-1892 190s-1910 
10!32-1W? 1910-1915 
Source; U.S. Bunru  of-the Cef~sm. Current Populrtion Reportl. .Estiwt.s of 
thr Populrtlon o f  the United S t r t n .  by Agr and Sex: I g r f l  1, 1970 to July 1, 1972.' 
k r l e s  P-25, Wo. 490; ibid.. mProJections o f  the Population o f  the Unlted States,  by 
Apr m6 Sex: 1972 to 2020.' Series P-25, No. 49?; rn( t.nsus k r e r u  Records. 
FIGURE 5-1: POPULATION BY AGE AND SEX: UNITED STATES, 1972 ANlj 1990 
T
A
B
U
 5
-3
: 
NU
M
BE
R 
AN
D 
PE
RC
EN
T 
DI
ST
RI
BU
TI
O
N 
OF
 F
AM
IL
IE
S 
BY
 M
ON
EY
 I
NC
OM
E 
,
3R
 1
97
1 
W
ITH
 
PR
OJ
EC
TI
ON
S 
FO
R 
19
75
, 
19
80
, 
19
85
, 
a
n
d 
19
90
 I
N 
CO
NS
TA
NT
 1
97
1 
DO
LL
AR
S 
BY
 S
EL
EC
TE
D 
AN
NU
AL
 C
OM
PO
UN
D 
GR
OW
TH
 R
AT
ES
 
8
Q
 
M
ey
rn
co
m
e 
B
as
e 
19
75
 
19
80
 
19
85
 
19
90
 
In
te
rv
al
s 
Y
ea
r 
.
 
G
ro
wt
h 
R
at
es
 
G
ro
wt
h 
R
at
es
 
G
rw
th
 R
at
es
 
G
ro
wt
h 
R
at
er
 
19
71
 
-
 
2.
0 
3
0
 
4.
0 
2.
0 
3.
0 
4.
0 
2.
0 
3.
0 
4.
0 
2.
0 
3.
0 
4.
0 
To
ta
l 
fa
mi
li
es
 
(m
il
.)
 
3.
3 
56
.2
 
56
.2
 
56
.2
 
61
.3
 
61
.3
 
61
.3
 
66
.3
 
66
.3
 
66
.3
 
70
.5
 
70
.5
 
70
.5
 
Pe
rc
en
t 
01
s-
 
tr
ib
ut
 io
n 
10
0.
0 
10
0.
0 
10
0.
0 
10
0.
0 
19
0.
0 
iO
O.
0 
10
0.
0 
10
0.
0 
1.
00
.0
 
10
0.
0 
10
0.
0 
10
0.
0 
10
0.
0 
$2
5,
00
0 
a
n
d 
ov
a 
t
 
5.
3 
6.
8 
7.
6 
8.
6 
8.
9 
1
1
.
 
15
.6
 
12
.2
 
18
.5
 
26
.3
 
17
.1
 
27
.7
 
40
.1
 
Xe
di
an
 i
nc
or
n 
(d
ol
.) 
i0
,2
tl
 
11
.0
12
 
11
,4
65
 1
1,
87
8 
12
,0
69
 
13
,2
59
 
14
,3
85
 1
3,
47
6 
15
,4
81
 
17
,7
13
 1
4,
98
6 
18
,1
22
 2
1,
77
8 
M
ea
n 
in
co
m
 
.
 .
 
(d
ol
.) 
11
,5
83
 
12
,4
63
 1
2,
96
0 
13
,4
70
 1
3,
67
3 
14
,9
28
 1
6,
28
4 
15
,1
38
 1
7,
35
4 
19
,8
68
 1
6,
65
6 
20
,2
89
 
24
,3
78
 
serv ice  each year  and upon the  replacement demand f o r  x-ray tubes. The 
demand f o r  new x-ray machines along with addi t ional  descr ip t ive  da t a  is 
presented i n  Table 5-2, This cctimating procedure was s t r a i g h t  forward. 
The ex i s t i ng  stock of medical a r t s  x-ray machines f o r  1970 and 1973, was 
used t o  develop annual g r w t h  r a t e s  f o r  dental  and medical x-ray machines. 
The growth r a t e  was 3.2 percent f o r  medical x-ray machines and 5.2 percent 
f o r  a l l  medical arts x-ray machines. These ca!culations suggest t h a t  by 
1980, t he  beginning year  of t he  program, there  w i l l  be  206,000 dental  x-ray 
machines i n  use i n  hosp i t a l s  and p r iva t e  o f f i ce s  i n  t he  United S ta t e s .  
Table 5-4 shows the  annual growth increments f o r  new denta l  and medical x-ray 
machines i n  t he  United S ta t e s .  The estimated growth increment is 17,604 f o r  
1980 and 30,746 i n  1991. 
The demand f o r  replacement tubes i s  more d i f f i c u l t  t o  ca lcu la te .  The 
following procedures were used t o  make the  replacement ca lcu la t ions  shown 
i n  Table 5-4. I t  was assumed t h a t  an average x-ray tube would requi re  
replacement a f t e r  2 years of operation o r  20,000 exposures; tubes using 
teery la rge  x ~ r a y  t a r g e t s  would need replacement a f t e r  10,000 exposures. 
Intensive use of x-ray equipment i n  hosp i t a l s  or  radiological  examination 
f a c i l i t i e s  would l i k e l y  r e s u l t  i n  tube replacement i n  about 24 months. 
However, t he  infrequent use of ::-ray equipr~ent i n  p r iva t e  medical o f f i c e s ,  
r e s u l t s  i n  much longer tube l i f e .  In 1980, using the population and x-ray 
usage r a t e s ,  as  well a s  the  x-ray machine stocks given i n  Table 5-2, it 
appears t h a t  l e s s  than 2,003 Jenta l  exposures and l e s s  than 1,300 medical 
exposures w i l l  be taken per machine year. This suggests tube l i f e  of t e n  
years o r  more. Thic l a t t e r  f i gu re  seems most ~mprobably. An independent 
est imate of t h e  number o f  x-ray tube replacements was made based on 
1 TABLE 5-4: ANNUAL DEMAND FOR TUNGSTEN TARGETS A R R I S I N G  FROM T l l E  USE OF NEW X-RAY 
! MACHINES AND TItE REPLACEbENT O F  OLD X-RAY TUBES IN THE U N I T E D  STATES FROM 
; 1976 TO THE END O F  TllE PLANNING P E R I O D  I N  1991 
I 
NW X-RJ), 
Machines ( ~ n i t s l !  
14, 373 
15,121 
15,907 
16,734 
17,504 
18,520 
19,482 
20,496 
21,562 
22.682 
23.862 
25,lOS 
26,408 
27.782 
29.082 
30.746 
to t81  mbes 
Required (Units1 
28,040 
29,498 
31 ,032 
32,646 
34,343 
%,I29 
S8.007 
39.9d4 
42.064 
44,250 
46.551 
48,972 
51,518 
54,19; 
56.865 
69,974 
Value X-lay 
z e s  ( S I O O O ) ~  
53.781 
56.177 
59.519 
b2,blS 
65,869 
OD. 295 
72.897 
76,669 
80,679 .. 
84,871 
89,285 
93,928 
98,811 
103.9al 
109,017 . 
11s.030 
Discounted Value Discounted Value Value of l m p t e p  Oireamtrd Value Tungsten 
X-Rav Tuber ~101-$1000)~ X-Ray Rclbes ( I S I - S ~ ~ O O ) ~  Targets ($1000) Tarlets  ( ~ ' r - f l 0 0 0 ) L  
59.875 
57,238 
54.746 
52,578 
SO, 105 
47.667 
4S,sO3 
43,770 
41.896 
40,021 
38,173 
36,579 
Discounted Vnlw Tungstm 
- 
Targets ( 1 s t - S ~ O O C ) ~  
Totals u y  not q u a 1  t o  the  s u  of mbe8tagories because of  romdln#. 
l 8 u e J . m  estimates found i n  Table S-2. 
b u r j  on sa les  Lnfornntion found in C-~rrent  tndes?w R o t t s ,  Serle* W-S6W. 
fy.2, m o t i r a t c d  1974 eandfocturts s a l o  v a 1 t : ~ m k r  x-r.r t a r .  
'Assme tha t  a l l  benefi ts  accrLe a t  the and of the year. 
%scs an o t i n a t a d  1974 Tung3ten Target va l t~e  t o  the u,ufacturin(  of $IS0 
per  target .  
6~~~~ tha t  a l l  bqnefitm acccu* a t  t h e  and of the year. 
e l ec t ron i c s  d a t a  published i n  the  Current I ~ ~ d u s t r y  Reports [61 
The following est imat ing procedure was used. In 1968, t h e  Current 
Industry Reports showed $13,577,000 mi l l ion  i n  individual  s a l e s  of x-ray 
tubL*s. Assuning an average manufacturer's s a l e s  p r i c e  of $1,572 per tube, 
an estimated 8,637 x -r sy  t xbes were so ld  individiially i n  1968. These 
individual  s a l e s  a r e  assumed t o  cons t i t u t e  the  replacement demand f o r  x-ray 
tubes.  The "replacement tube-medical a r t s  machine" r a t i o  is approximately 
.047. This r a t i o  was applied t o  the stock of x-ray machines i n  use each 
year  t o  ob ta in  t he  x-ray tube replacement demand shown i n  Table 5-4. An 
estimated 16,739 replacement tubes would be required i n  1950, thc Scginning 
year  of  t he  program. ?he demand f o r  replacement tubes was expected t o  
reach 29,228 u n i t s  by 1991. 
The t o t a l  demand f o r  x-ray tubes f o r  new machines ?.rid replacement 
purposes amounts t o  an estimated 34,343 u n i t s  i i ~  1980 and 39,974 u n i t s  a t  
t h e  termination of t he  program i n  1991. A t  current  (19T4) manufacturcr's 
p r i ce s ,  assumed t o  a l i t t l e  under $2,000 per  tube,  t h i s  cons t i+utes  an 
expenditure of about 120 mil l ion d o l l a r s  (1374 do l l a r s )  by 1991. A t  prcsen t ,  
it i s  assumed t h a t  1 .5  pounl x-ray t a rge t  would cost  approximately $130. 
The t o t a l  t a r g e t  component cos t  of x-ray tubes i n  1991 would be about $7.8 
mi l l ion  d o l l a r s .  
I t  would appear from t h i s  t h a t  space processing of Tungsten Targets ,  
t o  be success fu l ,  could not depend pr imari ly  on cost  cu t t i ng  by s u b s t i t a t i n g  
Tungsten f o r  Fjienium. Space processing, t o  be success fu l ,  would have t o  
extend the l i f e  of t he  t a rge t  and x-ray tube g i ea t l y  beyond t o  two year  
i n t ens ive  use l i f e  of x-ray tubes.  A considerable increase i n  rube l i f e  
would be required as t h e  t ransportat ior t  cos t s  associated with t h e  Space 
Shu t t l e  opcrations exceed the  ex i s t i ng  cart11 production cos t s  of Tungsten 
Targets.  I f  continued experimcntntion shows tha t  the  q u a l i t y  and l i f e  of 
x-ray t a r g e t s  and u l t imate ly  x-ray tubes can be g rea t ly  increased by manu- 
fac tur ing  the ta rge t  i n  a zero grav i ty  environment s o  t ha t  ground manufac- 
tu r ing  plus replacement cost  s ;~vings cxcucds the  space t ranspor ta t ion  cos t s  
a l ioca tcd  t o  the  processing a c t i v i t y  then the process could be more s e r ious ly  
co1:sidercd as  a candidate f o r  space materials processing. Using a 10 percept 
discount r a t e  and assuming 984 f l i g h t s  in  the  program, we would have an 
operating cost  of $162 pe r  puund of Tungsten and a c a p i t z l  amort i tdt ion cos t  
of $95 per  pound. I f  a l l  cos t s  operating and amortization were covered, it 
would appear t ha t  t he  space t ranspor ta t ion  cos t s  (noi considering space 
processing cos t s )  alone would amount t o  $257 per  pound of Tungster. A t  
p resen t ,  i f  it i s  assumed t h a t  1.5 pound Tungsten Tbrget cos t s  $130 t h e  
processed mater ia l  has a ~tanufactured cost  of $87 per  pound. Given these  
assumptions, an approximate three-fold increase i n  t a rge t  l i f e  wot:lJ be 
required t o  cover space t ranspor ta t ion  cos t s .  In adajition t o  the t ranspor-  
t a t i o n  cos t s ;  t he  cost  cf t h e  SbtPF would have t o  he a l loca ted  t o  t h e  space 
processcd Tungsten. 
On the  o ther  hand, i f  t h e  only causc of x-ray tube replacement was t he  
f a i l u r e  of t h e  Tungsten Target ,  a doubling of tube l i f e  would amount t o  a 
cost  savings of a l i t t l e  under $2,000 (manufacturer's p r ice)  per  u n i t .  I f  
t h i s  ass?rmption cou1.d be reasonably rr.adc, i t  would ap;.ear t h a t  Tungsten 
Targets would c o a s t i t u t e  a reasonable candidate f o r  spE;e manufacturing. 
For purposes of t h i s  study it assumed t h a t  t he  average l i f e  of  an x-ray 
tub? was 5 years  with a star-dard deviat ion of 1.5 years.  
1 .  
Table 5-4 shows tho t o t a l  value oE x-ray tubes i n  1974 manufacturer's 
p r ices  f o r  t he  study period. I t  was assumed t h a t  the un i t  p r i c e  i n  1974 was 
j $1,918. The current  annual manufacturer's s a l e s  values of  x-yay tubes were 
i then discounted a t  5 percent ,  10 percent ,  and 15 percent.  The t o t a l  s a l e s  
values f o r  the  planning period a r c  $1,060,372,000, $760,645,000, $568,448,000, 
/I $440,948,000 f o r  0 ,  5 ,  10, and 15 percent discount r a t e s .  A doubling of  tube , l i f e  would r e s u l t  i n  cos t  saving o f  $220,474,000 f o r  manufacturer's s a l e s  
discounted a t  15 percent.  A 15 percent discount would seem appropriate  i n  
t h a t  we a r e  deal ing with cost  savings i n  t he  p r iva t e  s ec to r  and a 15 percent 
r a t e  of  r e tu rn  i n  t h i s  s ec to r  would seem t o  be i n  l i n e  with t h e  r a t e  of 
re turn  expected by a new manufacturing operation. 
Table 5-4 a l s o  shows t h e  manufacturer's value of Tungsten Targets.  
The Targets a r e  assumed t o  be worth $130 per  un i t  i n  1974. A l l  annual Target 
values f o r  Targets a r e  presented i n  1974 d o l l a r s  over t he  plznning period. 
t The Tungsten Target values a r e  d.;.scounted a t  5, 10, and IS percent.  
The r e su l t i ng  discounted t o t a l  values f o r  the  e n t i r e  plnnning period a r e  
i 
i 
I! $71,883,000, .$51,564,000, $38,546,000, $29,305,00C f o r  0 ,  S, -0, and 15 
percent discount r a t e s  respec t ive ly ,  A doubling of t he  l i f e  of t he  t a rge t s  
li 
alone would produce a cost  savings of $14,953,000, assuming a 15 percent 
l a t e  o f  discount.  
5 , 4  Summary and Conclusions 
In summary, it must be s t a t e d  t ha t  t he  preceeding ana lys i s  represents 
only a rough est imate  of bene f i t s  based on very crude data .  However, t h e  
i ana lys i s  is indl ca t i ve  of t he  benef i t s  t ha t  m d y  be  expected : 7 t he  s r e a  of 
space processing of Tungsten Tarzets givcn the assumption of a doub 1 ing 
I 
I 
of thc  l i f e  of x-ray t.ubes, It: must bc emphasized t h a t  t he  benef i t s  
accruing t o  t h i s  production proccss appear primarily tq depend on the  space 
mater ials  processing a c t i v i t y  t o  lengthen tlre l i f e  of the x-ray Targcts 
and a l so  of x-ray tubes. The exact improvemcllt of  the l i f e  expect-ncy of 
the x-ray tubcs de-;cnds upon the r e s u l t s  of cxpcrimental processing of 
Tungsten Targets i n  a zezo gravi ty environmcnt . However, a t  r e t ~ i l  values 
t h a t  average around $2,950, per  x-ray tube there  is  l i t t l e  d m b t  t h a t  an 
improvement i n  the l i f e  of t h e  tube has the poss ib i l i t y  of considerable 
cost  saving, saving s u f f i c i e n t l y  high t o  warrant the  continued consideration 
of Tungsten Targets as a candidate f o r  spacc processing. 
Furthermore, it must be rea l ized  tha t  i t  i s  highly probable t ha t  the  
cos ts  of spacc t ranspor ta t ion  w i l l  be a t  l ea s t  as  high as the  estimates 
presented ;n an e a r l i e r  sec t ion  of t h i s  repor t ,  however, the  probabi l i ty  of 
the benef i t s  being received over the primary period i s  not as high. To 
begin with, the  benef i t s  a r e  based on continued growth i n  demand f o r  
radiological  heal th  serv ices  a t  t he  r a t e  ?xperiei.:eci i n  the r:cent Fast .  
Therc i s  a high probabi l i ty  t h a t  these r a t e s  may not t,c sustained over the  
e n t i r e  planning period. I t  i s  d i c f i c u l t  t o  sus ta in  high grou,Lh r a t e s  over 
long perioils of time. In sho r t ,  we cannot t e  as ce r t a in  thut  the level of 
benef i t s  w i l l  bc achieved as wc a re  t ha t  the icvel  of cost  w i l l  be i~hctrrreci. 
Fina l ly ,  no account has been taken of the cost  o f  a SPlPF f c r  :;he rclrininy 
a: Tungsten and the production o :  iungsten X-ray Targets.  The cos ts  of 
t h i s  f a c i l i t y  would have t o  be excluded from the  benef i t s  of t!\e sFace 
process. 
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Manufacturing procedures fo r  space were r e s t r i c t ed  t o  those tha t  
u t i l i z e d  the process of  electrophoresis,  Electrophoresis i s  the separation 
of a mixture 'of p a r t i c l e s  i n t o  various f rac t ions  by placing the  mixture i n  
o r  on the  proper media and passing an e l e c t r i c a l  current through the media. 
The separation is dependent on the difference i n  charges of the various 
pa r t i c l e s  causing them t o  migrate a t  d i f ferent  ra tes .  Some of the  problems 
of electrophoresis a r e  due t o  the e f fec t  of  gravity which: a) reduces the 
movement of  the  pa r t i c l e s ,  b) causes a sedimentation of la rper  p a r t i c l e s  
(especial ly ce l l s ) .  Preliminary resu l t s  on two previous space f l i g h t s  by 
NASA indicates tha t  the near zero gravity of space can be u t i l i z e d  t o  improve 
the  separation of p a r t i c l e s  by electrophoresis [1, 2, 31. 
6. ELECTROPH0RES:S OF BIOLOGICAL tlATERIALS 
6.1 Introduction 
The objective of t h i s  study was t o  obtain information concerning the  
se lec t ion  of a biological  product o r  products t o  be manufactured in  the  
near zero gravity of space. The e f f e c t  of gravity on t e r r e s t e r i a l  manufac- 
turing of biological  products limits the  extent t o  which cer ta in  products 
can be produced especial ly i n  the area of purif icat ion.  Ut i l iza t ion  of  near 
zero gravity may enhance the  pur i f ica t ion  of these products. Also the  
accomplishment of space processing of cer ta in  biological products which 
have not been produced on ear th  would be of great benefi t  t o  mankind. 
6.2 Candidate Electrophoresis Processes and Products f o r  Space 
6.2.1 Electrophoresis Methods 
One method of separat ion of  mixtures of  substances is continuous 
deflect ion electrophoresis  o r  f r ee  flow electrophoresis .  This method appears 
5 
t o  be one of the bes t  f o r  separat ion of lnrke quan t i t i e s  of  mater ial .  The 
process with the highest  probabi l i ty  of  success i s  one developed by K. 
E 
Hanning [4] and is based on the v e r t i c a l  f r ee  flow o f  f l u i d  t o  minimize t h e  
g rav i t a t i ona l  inf luence.  The problem with t h i s  system i s  when the  pH o f  t he  
solvent  approaches the  pK of  the  p a r t i c l e  being separated, f loccula t ion  
occurs. Gravity then becomes a problem because the  f locculated p a r t i c l e s  
s e t t l e  before separat ion occurs. The use of t h i s  method i n  zero gravi ty  
would allow f o r  separat ion o f  the  p a r t i c l e s  c loser  t o  the  i s o e l e c t r i c  pH 
(as the  pH approaches the  pK o f  a given p a r t i c l e  the ne t  charge of t he  p a r t i c l e  
approaches zero, t h i s  lowers i t s  e lec t rophore t ic  mobility), Separation o f  
the  f loccula ted  p a r t i c l e s  would be based on t h e i r  charges and mobility. 
This would allow f o r  separat ion a t  a pH equal t o  the pK of  one o f  t he  samples. 
By using t h i s  method, f loccula ted  pro te in  would have a grea t ly  d i f f e r e n t  
mobili ty from non-flocculated pro te in  and t h i s  would eqhance the  separation. 
The capacity of  t he  suggested method (on ear th)  is about f i v e  t o  ten 
grams per  day when using heavy f i l t e r  paper. This capacity probably would 
be much g r e a t e r  i n  space because f i l t e r  paper would not be used and thereby 
removing any adsorption e f f e c t  t h a t  may complicate o r  slow separat ion.  
Researchers have two d i f f e r e n t  opinions as t o  the e f f e c t  of  g rav i ty  on t h i s  
apparatus. One is  t h a t  no f u r t h e r  advantages a r e  t o  be gained by removing 
the  e f f e c t s  of gravi ty  and the  o the r  i s  t h a t  the removal of  g rav i t a t i ona l  
e f f e c t s  would improve reso lu t ion ,  espec ia l ly  i n  r e l a t i on  t o  la rge  pro te in  
and c e l l s .  
I I 
I I 
. , ".. -1- 
A second method t h a t  may be used i s  i s o e l e c t r i c  focusing IS, 6 ,  71. G 
The bas i c  theory behind i s o e l e c t r i c  focusing involves the  proper t ies  of k 
? 
c a r r i e r  ampholytes and the behavior of  protein i n  a na tura l  pH gradient  f 
3 
created by e l ec t ro lys i s  of a mixture of ampholytes. A natura l  pH gradient  f 
is always pos i t i ve  from the anode LO the cathode, t h a t  is, the  pH gradient ;i :" 
,t 
always increases  monotonically i n  the  d i rec t ion  o f  the current .  I s o e l e c t r i c  ,? 
1 
focusing can be considered t o  be simultaneous focusing o f  the  two c l a s ses  $ p 
of ampholytes. One low molecular weight c l a s s  ( c a r r i e r  ampholyte) and one I' ! i 
1 I 
i high molecular weight c l a s s  (protein) .  Protein is assumed t o  have no a 
i buffer ing capacity o r  conductivity i n  the  apparatus. With the  assumption of  I 
i 
1 
i 
: a constant pH gradient  and constant f i e l d  s t rength ,  the pro te in  peptide w i l l  
! i 
i $ migrate a t  a steady speed. The resolut ion powers of the  system is based 
! 
on the  mobili ty and i s o e l e c t r i c  po in t  of the  p a r t i c l e s  being separated. 
I 
A t h i r d  process t h a t  could be used is isotachophoresis (81. The i 
pr inc ip l e  of isotachophoresis i s  the  passage of  a constant d i r e c t  cur ren t  I 1 
.i 
through a vessel  containing a buffer ing ion, thus,  causing the  sample ions i 5 
t o  move a t  d i f f e r e n t  speeds. The ions w i l l  continue t o  move u n t i l  they have 
.4 
separated i n  the  order  of t h e i r  mobility. The sanple ions t o  be f rac t iona ted  1 
.f 
4 
I 
I 
I a r e  i n se r t ed  between two homogenous buf fer  zones formed by the  leading ion 
i -1 
I 
j and the  terminal ion. This brackets  the e lec t rophore t ic  mobili ty of a l l  3 ! 
f .;i the sample ions; with the  mobili ty o f  the leading ion being higher and the  4 
I 
$ -f 
I terminal ion being slower. When the  e l e c t r i c a l  cur ren t  i s  applied, the  
I 
I migrating ions can move only as  f a s t  as the  one i n  f ron t  of i t .  
As t he  
1 mobili ty of the  sample and the  terminal ion is lowered, the f i e l d  i n  each 
compartment ad jus ts  i t s e l f  t o  assume equal voltage. In the course of 
179 
4 
3 
migration the sample ions are  separated i n t o  t h e i r  compartments and arranged 
i n  order  of  t h e i r  decreasing mobili ty,  
6.2.2 Products and Application 
Candidates f o r  b io logica l  products f o r  space processing and the applica- 
t i ons  o f  these products a r e  contained in  Table 6-1 and discussed below. 
a. The na tura l  res i s tance  t o  infec t ions  and tox ic i ty  is  almost t o t a l l y  
a r e s u l t  o f  the  ac t ion  of immunoglobulins and gamma globulins.  'The absence 
of these  globul ins  r e s u l t  i n  a decreased res i s tance  t o  several  types o f  
diseases  i n  general ca l l ed  agammaglobulinemia (Table 6-2). The in j ec t ion  
of pure sub-fract ions of IgG i n t o  su i t ab l e  animals w i l l  i n  tu rn  develop 
s p e c i f i c  antibodies i n  the immunoglobulin. The antibodies w i l l  then be 
separated from the  animal serum and used f o r  diagnost ic  puiposes. In 
diagnost ic  use, t he  presence of  immunoglobulin is indicated i f  a reac t ion  
occurs on mixing a blood sample (from a pa t i en t )  with the  antibodies.  
b, The pancreas contains be ta  c e l l s  t h a t  produce insu l in .  A 
pure cu l tu re  of b e t a  c e l l s  may be implanted i n t o  pa t i en t s  suf fer ing  frola 
diabetes  i f  ,;roper c e l l  matching can be accomplished. The major problem 
with separat ion on ea r th  is the  pu r i ty  of  the  cu l tures .  An estimated e igh t  
t o  twelve mi l l i o~$ iagnosed  and undiagnosed Americans s u f f e r  from diabetes .  
- - .- ---- - -  .--- - -.-. C______ 
More than two hundred thousand Americans w i l l  s u f f e r  diabetes  r e l a t ed  
death each year  then w i l l  d i e  of cancer. The problem with i n s u l i n  
therapy is  some p a t i e n t s  develop an immunologic response t o  i n su l in  and 
i t  becomes ine f f ec t ive .  
c. The bone marrow contains many types of c e l l s .  One type of 
p a r t i c u l a r  i n t e r e s t  i s  the  stem (undifferent iated)  c e l l  t h a t  has the  
a b i l i t y  t o  d i f f e r e n t i a t e  i n t o  erythrocytes  and/o ,anulocyted. A 
TABLE 6- 1: CANDIDATE FOR SPACE PROCESSING 
k s i d  htrrlrl h w r d u n  !!re hod App 11 cat ions 
product (Startint) lrith Space and Rrn.~rks 
r. P u n  s r q l r s  S q a n t e  I C (only Llectro~horesis Production of 
' :;fGJ:rs 
into i t s  &r partial ly) (fluid) monospociflc 
subclrssrs iroelactricfocuring antibody for  
1, 2. 1. 4 dlrgnosis a f  
rrsunoglobulla 
disease - 1 p. 
of z ~ c h  wuld 
produce s u f f i c i u t  
amount of 
antisera to  
supply U.S. to t  
one year. 
b. Pure culturos Isolated I s l e t  Sopantion of not done Electrophoraris Transplantatioa 
of k t a  ce l l s  of lmgrrhans Beta ce l l s  from rf f ic i rn t ly  (fluid) (into p m c r r u  
from Pancreas I s l e t  of to  correct 
lmgrrhms diabetes) - 
10-12 million 
diabetics in U.S.- 
Problem of 
tr&?isplant 
rejection. 
c. Puro cu l tuns  of Bonr mura* 
stam c r l l s  
w i  thout 
coaplimnt 
Fixing c r l l s  
Soparation of 
bone u r m r  
st. c r l l s  
r. Umkinur Tissw cultutr  Soparation of 
P-ins (Xidnoy cr l l )  Lidnry oll 
ce l l  
f. P u n  saq1.s Cryopncipitatr Soprr8tr 
of mtihrmophillc 
mt iboaph i l i c  factors 
h c t o r r  
8 .  Pun'cultures A e o l w  Sr~a ra t lon  of 
o f & l T  soparatod !,).qhoqtes 
ce l l s  tultur* (B l 
not done Electrophoresis Basis rosearch, 
efficiently (f h i d )  trnr.splantation 
in patlent with 
neoplasir of 
bone Farrow - 
Problen of 
trmsplant * 
rejection. 
not don. Elrctrophomis Boric rcsearcb 
r f f ic i rn t ly  (to a l l w  e u c t  
. ! 
studies to  br 
mads on tvor 
rrpbrmces) . i 
( I t  i s  bellrwd 
that the 
neabrma of thb 
t w r  i s  the key 
t o  tho curo). 
I 3 
not dono Llrctrophonsis Treat condltlonr f 
efficiently where break- 
of c lo t t s  am 
required. 
C o l ~  witb Llutmphorosir I w t u r r  
a glasrwwl lymphocytes m 
@in# 3ducated against 
tunor cells. 
(T c r l l s  
havr tho 
capacity t o  
inhiblt grorth 
of twor  cells) .  
Basic rrsearch 
(tumor re) ection) . 
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planted in to  a peyson suffering from neoplasia of the bone marrow. The ~ a j o r  6 
problem is tha t  earth methods of  separation a re  not sens i t ive  enough t o  i 
separate pure cultures of c e l l s ,  This same problem is  present in  several of  
the following processes involving the separation of ce l l s .  
d. Separation of tumor c e l l s  would allow more exact s tudies t o  be , 
made on tumor membranes which i s  believed t o  be the key t o  tumor regression, 
Tumor c e l l s  have a higher surfac t  charge than n o n a l  ce l l s .  P a r t i a l  
separation has been achieved on earth.  The present methods do not allow 
f o r  complete separation on earth. 
e. The separation o f  a kidney c e l l  cul ture i n t o  pure sub-fractions; 
one of which produces urokinase. Urokinase would have medical benefi ts  i n  
the treatment of embolism (blood c l o t s ) ,  This enzyme act ivates plas- 
minogen t o  plasmin (which is present i n  the blood), which then dissolves 
blood c lo ts .  In te res t  i n  t h i s  area has already progressed t o  the extent 
tha t  a preliminary experiment w i l l  be attempted i n  space i n  1976. 3 
f .  The purif ied antihemophilic factors  would be used t o  maintain 
the c lo t t ing  a b i l i t y  i n  pa t ients  suffering from t h i s  genetic disease. 
The process of obtaining these factors  is  by cryoprccipitation ( f rac t ional  
freezing). This method requires a large volume of blood with a low y ie ld  
and the  end product is not pure, which can produce a l l e r g i c  reactions o r  
hepat i t i s .  
g. In many cancer pa t ients  the c i rcula t ing  lymphocytes a re  T c e l l s  
which have the capacity t o  inh ib i t  growth of tumor c e l l s .  I t  i s  thought 
tha t  many cancer pa t ients  posses T c e l l s  but a lso  have a fac tor  which 
inh ib i t s  o r  blocks the e f fec t  of the T c e l l s .  The proposed procedure 
would be t o  i s o l a t e  the immature lymphocytes and educate them (by exposure 
t o  mature c e l l s  r e s i s t an t  t o  the inhibi t ing  factor)  and i n j e c t  them in to  
pat ients  possessing tumors; thereby, inducing re jec t ion  of the  trunor. 
This would have a f a r  reaching e f fec t  i n  basic immunologic research 
and probably reduce the amount of t i m e  i n  developing a cure for  cancer. 
6.3 Selection of Candidate f o r  Analysis 
6.3.1 C r i t e r i a  for  Sslect ion 
The se lec t ion  of a candidate was based on the  economical return and the  
ease of handling the materials.  'The immunoglobulin !IgG) subclasses are  
protein molecules and can be handled much eas ie r  than c e l l  cultures. Cell 
cultures are  d i f f i c u l t  t o  maintain since they require special  'growth media 
and handling procedures. The media must be changed frequently i n  order t o  
maintain a viable culture.  The subclasses of  IgG are protein molecules 
and require no specia l  a t tent ion  a f t e r  separation. Also small quant i t ies  
of the four subclasses tha t  a re  pure (1 gm of each subclass) would be 
su f f i c i en t  t o  produce mono-specific antibodies t o  supply the United S ta tes  
f o r  one year.' I f  space processing of the subclasses is successful the  cost  
involved would be j u s t i f i e d  by the f a r  reaching e f fec t s  connected with the 
use of  pure subclw.;es. 
I 
6.3.2 Discussion of Selected Candidate 
The antibodies produced by the body are  the  f i r s t  l i n e  of defense 
against infect ion and invasion from foreign material,  Seventy-five t o  
eighty-five percent of the serum antibodies are  contained i n  the IgG c lass  
of gamma globulins. The r e l a t i v e  r a t i o s  of each subclass a r e  70:18:8:4 f o r  
IgG1, IgG2, IgG3, and IgC4 respectively. These antibodies a re  ma& up of 
two shor t  polypeptides and two long polypeptides connected by d i s u l f i d e  
(-s-s-) bonds. Tllc major difference i n  the antibodies a r e  the locat ion of 
these bonds and the va t i ab l e  end of  the  large pcptide. The locat ion (-s-s.] 
changcs t h e i r  three dimensional configuration thereby changing t h e i r  
antigen spec i f i c i t y .  
The reason f o r  separat ing these immunoglobulin i n to  subclasses is  
f o r  t he  production of  monospecific antibodies.  These antibodies w j  il be 
used f o r  t hc  diagnosis of  agmmaglobulinemia. Certain antibodies a r e  
r e s t r i c t e d  t o  s p e c i f i c  functions; f o r  example, the  antibodies f o r  carbo- 
hydrates a r e  predominantly IgGZ, anti-isohemagglutins a r e  mostly IgGl 
and the  Rh antibodies a r e  IgGl and IgG3. A var ie ty  of  disorders  e x i s t  
with def ic ienc ies  i n  one o r  more c lasses  of  these immunoglobulins. Sub- 
c l a s s  imbalance has a l s o  been noted i n  non-sex-linked hypogammaglobulinemia, 
i n  which pa t i en t s  have a marked depression o f  IgG t i t e r .  IgC catabolism is 
increased i n  myotonic dystrophy (a  dominant genet ic  disease) and i n  auto- 
immune disorders .  
6.3.3 processing of Candidate 
a.  Preparation on Earth 
The preparat ion f o r  space processing would be t o  obtain LOO 
grams of  commercial I& o r  human serum may be used and can be obtained from 
any blood bank. 
b. Processing i n  Space 
In  space, the  commercial IgG would be separated i n t o  its four  
subclasses by electrophorcsis .  The method of e lectrophoresis  employed 
could be one of  the three  discussed i ~ ;  'iection 6.2.1. 
c. Processing on Earth a f t e r  Space Processing 
The processing on earth of the pun? :ilc, :.is: :33 of the IgG 
would involve in jec t ion  of each i n t o  . *. 
The animal would produce antibodies 5 . 
. . l e  ani:,lals (goats). 
Oi . .,.. .. :-I? of subclass i t  
received, Serum or  plasma f roa  these a-.: .A wh..; '. I , \,bruined and the  1 diagnostic reagents made from serum, 
I 
t 6.4 Advantages of Space Processing 
There are  approxim~tely 7,000 hospitals  i n  the  United Sta tes  and about 
i 2,000 of these perform diagnostic t e s t s  f o r  agammaglobulinemia. The benef i t s  i i 
I of space processing of  commercial IgG depend ~ p o n  the  extent of the  improve- 
i ment of diagnostic t e s t g  resul t ing  from the use of space processed serum, and 
the number of t e s t s  performed. Estimates of  the  number o f . t e s t s  performed 
i n  the  United S ta tes  vary considerably; however, a large .c fer ra l  medical 
school--The Birmingham University Hospital--ran 557 such t e s t s  i n  1973. I f  
the Birmingham University ~ o s ~ i t a l  were an average ins t i tu t ion ,  t h i s  would suggest 
i , t h a t  the 2,000 hospitals  operating in the U.S. performed 1,144,000 t e s t s  
i 
i n  1973. Thi's would seem t o  be the  upper limit of an estimate of the range 
I 
of the t e s t s  performed. 
A 1973 sample survey of persons and organizations using electrophoresis 
I suggested tha t  the respondents en the  average performed 40 t e s t s  per  month 
I 
i 
i o r  450 t e s t s  per  year,  Applying t h i s  average t o  the 2,000 U.S. !rospitals, 
we might expect about 960,000 t e s t s  t o  be run per  year. A lower l i m i t  t o  the  
range of t e s t s  performed i n  the  U.S. is perhaps 700,003 test? per  year as  
! suggested by some industry sources. 
This report  assumes tha t  960,000 t e s t s  were performed i n  1973. Estimates 
of the U.S. population f o r  1973 indicate 210,404,000 persons were l iv ing i n  
the U.S. a t  t h a t  time. This suggests t h a t  a t o s t  was performed on one out 
of  every 219 persons i n  the U.S. i n  1973. This r a t e  was used t o  pro jec t  
demand f o r  the diagnost ic  t e s t s  over the  planning period. (See Table 6-3). 
I f  tls re la t ionship  between agammaglobulincmia t e s t s  and population 
f o r  t he  U.S. remains unchanged over the planning period 1,023,434 and 
1,135,365 t e s t s  am projected f o r  1980 and 1991 ~ e s p e c t i v e l y .  The corres- 
ponding hospi ta l  cos ts  of  these t e s t s ,  i n  1973 do l l a r s  would be $12,281,000 
and $13,624,000 f o r  the  beginning a d  terminal years of the  12 year planning 
period used i n  t h i s  analysis .  The t o t a l  (not discounted) cos t  of t he  
projected t e s t s  would be about $215,290,000. This would represent t he  
17,940,848 expected t e s t s  t h a t  a r e  forecast  f o r  the period 1980-1991. The 
t o t a l  cos t  t o  the  pa t i en t s  during t h i s  period would be c ~ n s i d e r a b l y  g rea t e r  
assuming an estimated h o s p i t ~ l  charge of about $17.50 f o r  a t o t a l  immunoglobin 
t e s t .  Thcse cos ts  would probxbly be incurred with o r  without space processilrg. 
To r e in t e ra t e ,  t he  pr ieary  advantage of space precessing of immuglobulin 
mater ial  i n t o  f o ~ r  subclasses is t o  produce mono-specific antibodies.  Approxi- 
mately 75 to.85 pe r  cent of serun: antibodies a r e  contained i n  the  IgC c l a s s  
of  gamma globulins.  Space processing would probably require  s o r t i e  f l i g h t s  
of an o r b i t e r  f o r  the purpose of separat ion of the commercial IgG i n t o  i t s  
four  subclasses by electrophoresis .  A l l  ad l i t i ona l  processing could be 
done i n  a g rav i ty  environment. The l eve ls  of deruand f o r  serum projected i n  
t h i s  study suggests t h a t  one f l i g h t  per  year over t he  12 year  planning period 
would be s u f f i c i e n t  t o  supply the  demand f o r  serum. 
The 17,940,848 IgG t e s t s  projected f o r  t he  12  year planning period would i 
e 
be more e f f ec t ive  i n  diagnosing agammaglobulinemia a s  a r c s u l t  o f  t h e  use of 
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t o  $7.02 million depending on the t o t a l  number of f l i g h t s  undertaken. No 
provision is being made here f o r  the  specia l  equipment required f o r  electro-  
phoresis processing o r  f o r  the  poss ib i l i ty  of  shared f l i g h t  costs.  
Using the  lower l i m i t  o f  t h i s  range, the  t o t a l  cost of the addit ional  
o , b i t e r  s h u t t l e  f l i g h t  required t o  perform the  i n i t i a l  zero gravity 
I 
I 
i 
i I 
environment electrophoresis would be about $4.70 per  test. In current 
dol lars  this cost  increment is 39 percent of the hospital  cost  of a complete 
! I 
IgG t e s t .  I t  is possible t h a t  the  increased eff iciency in  diagnosing aganma- I 
$ 
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-I )g  3 
eff iciency %lauld be one s h u t t l e  run of the  o r b i t e r  per  year. The marginal 
cost of one addit ional  f l i g h t ,  assuning a discount ra te ,  ranges between $7.87 
globulinemia type i l lnesses  would warrant the  estimated $16.70 cos t  o f  the  
f 
t "new" t e s t .  I t  should be noted t h a t  i f  the marginal cost of  the  12 f l i g h t s  i 
and the  ear th  processing cost  were discounted a t  5 percent the  average t o t a l  
i 
i 
f cost per  diagnostic test, including space processing, would be approximately 
t 
f $9.65. The costs  f igures  presented i n  Table 6-3 a re  based on the assumption 
i 
i t ha t  the e n t i r e  cargo space of  the o r b i t e r  is required t o  perform the  
P 
: 
k electrophoresis processes. If t h i s  is not the case, a shared f l i g h t  with 1 
: some other  space pncess ing  a c t i v i t y  would grea t ly  reduce the cost  of producing 
I the serum. The benef i t s  associated with ' t he  more e f f i c i e n t  diagnost ic  t e s t  
i 
would probably involve a reduced number of  v i s t s  t o  the  doctor 's  o f f i c e  i 
k b;. the  pa t i en t  and the  more rapid diagnosis of a wide range of  diseases. 
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7. CRYSTAL STUDY AHD ECONObETRIC HODEL 
Note: Work on the  c rys t a l  sutdy and the econometric analysis  of  c rys t a l s  
was tcxrninated a t  the  request of  NASA pro jec t  d i r ec to r s .  A much more i n  
depth study has been funded w j  t h  another agency t o  deal  spec i f i ca l ly  with 
t h i s  p? ~blem. This p ro j ec t  was d i rec ted  t o  concentrate i t s  e f f o r t s  on the 
turbinc blade port ion of the study, and work continues i n  t h a t  area.  The 
I 
i present report  represents  a statement of the work done i n  the c rys t a l s  a rea  1 with the econometric model and describes the plans t h a t  were l a i d  f o r  
i 
1 completion of e f f o r t s  i n  t h i s  area.  
I 
! 7.1 Introduction 
-- 
, The purpose of t h i s  sec t ion  is t o  develop an econometric model 
t h a t  can be used t o  pred ic t  demand and supply f igures  f o r  c rys t a l s  over 
a time h9rizon roughly concurrent with tha t  of NASA's Space Shu t t l e  
Program - t h a t  is, 1975 .:hrough 1990. Also included i n  the  model is 
an equation t o  pred ic t  the  impact on investment i n  the crystal-growing 
irldus t r y  . 
Actually, two mddels a r e  presented. The f i r s t  i s  a t heo re t i ca l  
model which f,  ,lows r a t h e r  s t r i c t l y  t he  standard theo re t i ca l  economic 
concepts ,,~volved i n  supply and demand analysis .  However, severe da t a  
l i m i t  tion:; f a r  prevented a comprehensive t e s t i ng  of t h i s  model. 
C: nsequently a modi,ied version of  the model was developed which, though 
not qu i t e  as theo re t i ca l ly  sound, was t e s t ab l e  u t i l i z i n g  ex i s t i ng  da ta  
sources 
7.2 Approach t o  the Study 
To f a c i l i t a t e  an understanding of the methodology employed, t h i s  
section out1i i .e~ the plan devised f o r  completion of  the  study. A flow 
diagram i s  given i n  Figure 7-1. The f i r s t  s tep  i n  the  study was t o  construct 
the theoret ical  econometric model, following established ecanometric 
procedures fo r  supply and demand analysis.  Upon completing the model, 
a broad based search f o r  da ta  w a s  made t o  determine i f  the economtric 
model could be tes ted  s t a t i s t i c a l l y ,  Since a l l  of the data w a s  not obtain- 
able, the model had t o  be revised t o  give a *,estable model. The model w u  
then tested. 
' h e  sparc i ty  of adequate data i n  the  areas necessary resulted i n  an 
inordinate amount of time being spent on research. Several of the  sources 
used f o r  data a re  not well known o r  widely u t i l i zed .  A l l  da ta  sources 
are  l i s t e d  separately i n  the  bibliography. Some data sources had re la t ive ly  
recent beginnings, resul t ing  i n  information tha t  was not w a b l 3  dus t o  the  
lack of  information i n  e a r l i e r  years. 
After  the model t e s t ing  had been completed, the next planned s t e p  
was t o  predict  c rys ta l  demand f o r  high value crys ta ls  by using individual 
product l ines  i n  the  model. Data collect ion proceeded along these 
l ines  and some infomation on the relat ionship of crys ta l  use i n  these 
product l ines  was established. Data collect ion attempts were not 
successful i n  a l l  of the  desired product l ines .  
After predicting crys ta l  demand, estimates of  potent ia l  c rys ta l  revenues 
were t o  be made by estimating a potent ia l  p r i ce  s t ruc ture  f o r  crys ta ls .  Som I 
current prices were located but it had become apparent t o  the  researchers t h a t  
more d i rec t  contact with the  c rys ta l  maanufacturers w a s  necessary t o  obtain i 
information. Mail e f f o r t s  t o  obtain p r i ce  lists fa i l ed  iu firms refused to 1 d 
send t h i s  information. 
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From a cost  standpoint, e f f o r t s  were made t o  estimate t o t a l  cost 
of production figures through combining separate estimates of a) Factory 
costs,  u t i l i z i n g  estimates made by C.E. ,  b) Transportation costs ,  with 
weight fac tors  considered, and c) Operational cost estimates. Work was 
not done on item c. Finally, costs and revenues are compared t o  y ie ld  an 
economic f e a s i b i l i t y  decision. 
7.3 Theoretical Model a s  Applied t o  Crystal Study 
The theore t ica l  model is  presented i n  Table 7-1. I t  r e f l ec t s  the  f a c t  
tha t  c rys ta ls  a r e  used primarily as intermediate products i n  e l e c t r o ~ i c s ,  
and as  such, t h e i r  demand is basical ly a "derived demand." That is, 
the demand f o r  crys ta ls  is derived from the  demand f o r  the  f i n a l  
products tha t  use crys ta ls  as inputs. Table 7-2 lists numerous products 
tha t  u t i l i z e  crys ta ls .  Some of these are  already being commercially 
produced, while others have been proposed on the bas is  of  the  anticipated 
high-quality crys ta ls  tha t  space processing could yield. Any attempt t o  
calculate the  demand f o r  c rys ta l s  as  an intermediate product should, 
theoreticall;, include a calculat ion of the demand f o r  each of  these 
f ina l  products.' Table 7-3 shows some of the crys ta ls  tha t  a re  of i n t e r e s t  
fo r  space processing p o s s i b i l i t i e s  and t h e i r  area of use. 
The primary determinants of  demand a re  generally portrayed i n  economic 
t ex t s  as a) t a s t e s  of the  buyer, b) income of the buyers, c) the  pr ices  
of subs t i tu tes  and complements f o r  the  product. The determinant 
l ~ c t u a l l ~ ,  many of the  applications l i s t e d  i n  table  7-3 as f i n a l  i 
products arc  themselves a lso  intermediate products, and thus the  l i s t  could I i be broken down even further .  However, it is f e l t  t ha t  the l i s t i n g  in  
Table 7-3 is  more than su f f i c i en t  t o  provide a basis fo r  ca1cula:ing the  
, 
I 
demand f o r  crys ta ls .  1 4 
TABLE 7-1: THE TI1EORETICAL MODEL 
EQUATIONS 
DF = the demand for final products that utilize crystals as 
an input, expressed as a quantity. 
PFP = the prices of the various final products 
GNP = real Gross National Product (U.S.) 
FGSE = Federal Government expenditures on electronics 
EEX = electronics exports by the U.S. 
DC = the demand for crystals, expressed as a quantity 
PCU = the proportion of crystal use as an input, relative to 
total inputs 
PC = the prices of the crystals 
SC = the quentity of crystals supplied 
PX = the prices of the factors of production used in crystal 
processing 
IC = investment in the crystal processing industry 
CUC = capacity utilization in the crystal industry 
TABLE 7-2: APPLICATIONS OF CRYSTAL USE [l] 
1. Computer Memories 
a. ) magnetic bubbles 
b.) holographic 
c.) page composer 
d.) surface wave acoustic delay lines 
e.) magnetic beam addressable 
2. Optoelectronics 
a.) light-emitting diodes (LED'S) and LED displays 
b.) lasers 
c.) ferroelectric graphic displays 
3. Optical Communications Systems (fiber Optics) 
a. ) inter-city transmissions 
b.) inter-office trunks 
c.) interconnections of comunications equipment 
4, Pyroelectric Sensors For Use In: 
a. ) earth resources surveying 
b.) pollution monitoring 
c.) thermal iaaging for medical diagnosis 
d.) fire location 
e. ) infrared astronomy 
5. Surface Wave Acw~stics 
a.) switchable correlators used in integrated communications, 
navigation, and identification systems 
b.) simple correlators used in light-weight radar systems 
c.) large time-bank-width delay lines for use in electronic warfare 
and radar systems 
d.) parallel processors employing long, complex transmission paths 
6. Ultrasonics 
TABLE 7-3: CRYSTALS OF INTEREST AND AREAS OF USE* [l] 
Crystal Area of Use 
Aluminum Gallium Arserride . . .  . 2a 
Aluminum Nitride . . . . . . 5, Id 
Barium Sodium Niobate . . . . . . . 4, 3, lb 
. . . .  Bismuth Germanate . . . 5 , l d  
. . .  Bismuth Tantalate . . ' . . . lc, lb 
Bismuth Titanate. . . . . .  . 2c, lb 
Gadolinium Iron Garnet Films s e e  . . le 
Gadolinium Molybdate . . . . . . lc 
Gallium Arsenide . . . .  . . . 2b 
Gallium Nitride . . . . . .  , . 2a 
. . .  Gallium Phosphide . . . . 2a 
Indium Aluminum Phosphide . . , . ?a 
Indium Gallium Phosphide . . .  . 2a 
Lead Germanate . . 3 
Lead Tin Telluride . . . .  . 2b 
Lithium Germanate . . . . Id 
Lithium Iodate . . . 3 
Lithium Niobate . . . 5, ld, lb 
. . .  Lithium Tantalate . . . . 6, Id, lb 
Potassium Iodate . 3 
Potassium Lithium Niobate . 3 
Rare Earth Gallium Garnet Substrate . . . la 
Rare Earth Iron Garnets or Rare Earth 
Gallium Iron Garnet Films . . . . . la 
Ruby ( ~ d ~ * ]  . . 2b 
Sapphire . . . 5 
Sodium Iodate . 3 
Spinel . . . 5, Id 
Triglycine Sulfate . . . . .  . . 4 
Yttrium Aluminum Garnet . . . . Zb, Id 
Yttrium Iron Garnet . . . . 2b, le, Id 
*Areas of Use from Table 7-2 
of a s p e c i f i c  quant i ty  demanded of t he  product is  the  p r i c e  of the product 
i t s e l f .  Most models deal ing  wit:^ demand analysis  include a demand 
equatiotr t h a t  u t i l i z e s  the  var iab les  with the exception of  the p r i ce  
of subs t i t u t e s  and complements. These a r e  sometimes handled a s  spec ia l  
cases but f o r  our purposes, c rys t a l  demand, s u b s t i t u t a b i l i t y  and 
complementarity a r e  probably not major considerations.  
Equation (1) thus spec i f i e s  var iab les  t h a t  r e f l e c t  the  bas ic  
approach t o  demand. The demand f o r  t h e  f i n a l  ( c rys t a l  using) product, 
(DF) i s  a funct ion of  a)  t h e  p r i c e  of t he  f i n a l  product (PFP), b) i n c o w  
as  r e f l ec t ed  by gross na t iona l  product (GNP) , c) Federal Government 
Spending on Electronics  (FGSE) , and d) Electronics  Exports (EEX) . 
The l a s t  two var iab les  serve a s  a proxy f o r  t a s t e s  becausp the  majority 
of the  products involved a r e  heavi ly e l ec t ron ic  i n  nature.  Many of t he  
crystal-using products l i s t e d  i n  Table 7-2 a r e  purchased i n  la rge  quant i tes  
by the  Government. And i n  some instances - f o r  example, with large 
time - band - width delay l i n e s  f o r  use i n  e l ec t ron ic  warfare and radar  
systems - t h e  Government may i n  f a c t  be the  only consumer of  a product. 
For t h i s  reason, annual Federal Government expenditures f o r  e lec t ronics  
is  included i n  Equation 1. Final ly ,  i n  recognition o f  the  f a c t  t h a t  t he  
e lec t ronics  industry is  highly in te rna t iona l  i n  scope, the  l eve l  of 
e lec t ronics  exports by the  United S t a t e s  is included i n  Equation 1. 
AS mentioned above, the  demand f o r  c rys t a l s ,  a s  an intermediate 
good, is derived la rge ly  from the  demand f o r  the  f i n a l  products. This 
is r e f l ec t ed  i n  Equation 2, i n  which +he demand f o r  the  f i n a l  products 
(DF) i s  included a s  an explanatory var iab le  of the  demand f o r  c r y s t a l s  
(DC). Equation 2 a l s o  includes the  proportion of  c r y s t a l  us0 (PCU) 
r e l a t i v e  t o  t o t a l  inputs ,  and the p r i ce  of the c rys t a l s  (PC). J u s t  
knowing the  demand f o r  t he  f i n a l  products i s  not enough; it is  a l so  
necessary t o  know the proportion of the value of output a t t r i b u t a b l e  t o  
c rys t a l  inputs;  i . e . ,  the proportion of c r y s t a l  value t o  t o t a l  product 
value. And, j u s t  a s  the p r i c e  of the f i n a l  good w i l l  have an impact 
0.1 the demand f o r  the  f i n a l  good, so the  p r i ce  of the i n t e m e d i a t e  good 
w i l l  have an impact on the demand f o r  the  intermediate good, so  t h a t  t he  
p r i c e  o f  c r y s t a l s  (PC) must be included i n  Equation 2. 
Equation 3 represents  t he  supply equation. The primary determinants 
of supply a r s  the cos t s  of  the  inputs  the  producer must bear and the  
l eve l  of technology i n  production. Similar ly t o  demand the  determinant 
of a s p c i f i c  quant i ty  supplied i s  t he  p r i c e  of the  product. A producer 
determines h i s  production level  largely on the bas i s  of  p r o f i t  considerations.  
P r o f i t s  a r i s e  whenever t o t a l  revenue - which is  equal t o  the  p r i ce  of  
the  good times the  quant i ty  so ld  - is grea te r  than t o t a l  cos t  - which 
i s  equal t o  t he  p r i ce s  of the f ac to r s  of production times the  quant i ty  
of the factoqs necessary t o  produce the output. Equation 3 - the  supply 
eqlut ion - r e f l e c t s  t h i s  re la t ionship .  The supply of c r y s t a l s  (SC) 
i s  a function of the  pr ices  of  the  c r y s t a l s  (PC) and the p r i ce s  of t he  
f ac to r s  of production used in  c rys t a l  processing (PX) . 
Equation 4 def ines  t he  equilibrium conditions of the model. The 
equilibrium pos i t ion  w i l l  be achieved where the  quant i ty  of c r y s t a l s  
supplied - whether through Earth processing, space processing, o r  both - 
is  equal t o  the  quant i ty  of c rys t a l s  demanded. A statement of equilibrium 
i n  the market place is  a necess i ty  because of the de f in i t i ons  accorded 
t o  D e w d  and Supply in  the econoolic l i t e ra tu re .  1 
Equation 5, the  Investment cquatfon is somewhat d is jo in ted  from the  
model i n  tha t  most supply-demand econometri~ ~llr~dels dc not include such 
an equation. However, a relat ionship does e r l a t  between the  level  of  
demand f o r  crys ta ls  and the level  of  investment i n  the  industry. Equation 
5 w i l l  allow some prediabi l i ty  regarding t h i s  investment impact or the  
economy. 
Investment i n  the crys ta l  industry (IC) is  a function of the "emand 
f o r  the industry 's  product (DC), and the  u t i l i z a t i o n  of exis t ing  p lant  
capacity i n  the industry (CUC). I f  there i s  an expanding level  of demand 
f o r  c rys ta l s ,  then crys ta l  processing firms w i l l  be more opt t o  increase 
t h e i r  investn,,nt expenditures because of  expected fu ture  p ro f i t s .  On 
the other  hand, a declining demand f o r  crys ta ls  w i l l  lead t o  a cutback 
in  investment expenditures f o r  capi ta l  goods used t o  produce crys ta ls .  
Another fac tor  determining the  level  of investment i n  an industry is  the  
extent t o  which the  industry is employing the capacity tha t  it already 
has. I f  an industry has i d l e  capi ta l  equipment, then i t  w i l l  be l e s s  
l ike ly  t o  invest i n  new capi ta l ,  even i n  the  face of expanding demand. 
Instead, the i d l e  p lant  equipment w i l l  be activat7d. On the other  hand, 
in an iadustry tha t  is operating close t o  capacity, an expanding demand 
w i l l  be more l ike ly  t o  induce an increase i n  new investment. 
l~ernand i s  defined as a schedule of a l l  the quant i t ies  of a good 
o r  service tha t  consumers a re  wi l l ing  and able t o  buy a t  various pr ices  and 
a t  a specif ied time and place. Supply is defined as a schedule of a l l  
the quant i t ies  of a good o r  service tha t  producers a re  wil l ing and able 
t o  s e l l  a t  various prices and.at  a specified time and place. Once pr ice  
is  established i n  the  market the  amount bought equals the mount sold, 
hence supply equals demand a t  some equilibrium price and quantity. 
An exccption t o  t h i s  general ru l e  is  the  case of a new o r  innovative 
product. I f  there  is an expanding demand f o r  such a product, and the  
ex is t ing  cap i t a l  equipment of the industry cannot be u~ied t o  produce 
it, then competitive pressures may force the firms in  t h i s  industry 
t o  invest  i n  new cap i t a l  equipment, whether they have i d l e  capacity o r  
not. Space processing could lead t o  t he  c rea t ion  of many new and 
innovative high-.ethnology crystal-using products. I f  a la rge  number of  
such goods evolve from space p r o c s s i n g ,  t h i s  w i l l  r e s u l t  i n  new lnvestment 
expenditures regardless  of  the  leve l  of  capaci ty u t i l i z a t i o n  of convcntional 
p lan t  and equipment i n  t he  crystal-procezsing industry. 
In the t e s t i n g  of  an econometric model, re la t ionships  a r e  found t h a t  
a r e  based on h i s t o r i c a l  data .  When da t a  cannot be found, subs t i t u t ion  by 
proxy var iab les  can sometimes by u t i l i z e d .  A t  o ther  times modification 
of the model may be necessary. In the  case a t  hand, a thorough search of  
the l i t e r a t u r e  i n  government publ icat ions and technical  journals f a i l e d  t o  
reveal any da ta  regarding the quan t i t i e s  of c rys t a l s  sold i n  t h i s  country. 
Furthermore, yeplys t o  our survey mailed t o  c rys t a l  manufalturers showed 
a s t rong reluctance on t h e i r  p a r t  t o  d isc lose  p r i ce  and volume information 
t o  the  researchers.  1 
The absence of quant i ty  data  forced a subs t an t i a l  modification of the  
model t o  enable t e s t i n g  procedures. Changes have been kept t o  a minimum 
and every e f f o r t  has been made t o  maintain a t heo re t i ca l  consistency with 
the o r ig ina l  model. Other problems were i n  locat ing da ta  on s p e c i f i c  p r i ce s  
and costs  of  production in  ce r t a in  s t r a t - g i c  c l y s t a l  using product l i nes .  
l ~ h e  r e s u l t s  of the survey a re  summarized elsewhere i n  t h i s  report .  
7.4  The Testable Model 
To f a c i l i t a t e  ease of tes t ing ,  the  decision was made t o  cor t r u c t  
a model and t e s t  the  model f o r  its s t a t i s t i c a l  significance u t i l i z i n g  data  
tha t  cculd be eas i ly  obtained and would yet  provide relevant insights  f o r  
thh study a t  hand. Consequently the  aggregated electronics industry w a s  
chosen. The view taken is  t h a t  once the appl icabi l i ty  of the  model f o r  
one industry has been shown, it can be applied t o  the individual product 
l i n e s  somewhat more freely.' The modified version of tho model is  shown 
i n  Table 7-4. The model is couched i n  terms of the electronics industry 
s ince  t h a t  is how it was tested.  Planned t e s t ing  would have centered 
upon product l ines  tha t  a re  heavy c rys ta l  users,  notably computers, 
lasers ,  and l i g h t  emitting diodes. 
The model has been modified along the following l ines .  Quantity 
demanded has been replaced by t o t a l  revenue as the  dependent variable 
i n  the demand equation, equation (6), TRE represents the  t o t a l  revenue 
i n  the e lac t ronics  industry. Rather than a simple quantity variable, the  
TRE var iable ' i s  a p r i ce  times quanti ty f o r  a l l  elements included within 
the  industry. The bes t  da ta  [2] avai lable f o r  t h i s  is given by the  Standard 
Indust r ia l  Classif icat ion Code (SIC) 36 - "Electr icai  Equipment and 
Supplies.It The value of industry shipments f o r  SIC 36 i s  used t o  denote 
o r  proxy demand. 
In equatiolz 6, one o ther  modification was made. Instead of d i rec t ly  
empioying a pr ice  variable, a pr ice  index f o r  the  electronics industry 
l ~ h i s  approach a lso  allowed continued search time fo r  da ta  on 
individual product l ines .  
. . 
TABLE 7-4: WDIFIED ECONOblETRIC MODEL 
DQ = TU / pfti ( 6 4  
SEd = a1 + blPEi + clW + UL (7) 
S E ~  = S E ~ .  / P E ~  ( 7 4  
IS = a2  + barn + C ~ C U E  + u1 (8) 
DEq * SB Q (9) 
TRC = TRP X PCV (10) 
TPC~=J ZTRC P ( 1 0 4  
TRE t o t a l  revenue f o r  t h e  e lec t ron ics  industry [SIC 36) 
PEi = an index of p r ices  f o r  e l e c t r i c a l  equipment and supplies  (SIC 36) 
GNP = r e a l  Gmss National Product (U.S.) 
PCSE = Federal Government expenditwes on e lec t ron ics  
EEX = U.S. exports of e lec t ron ics  (SIC 36) 
DEq= a quantum f igure  f o r  demand of e lec t ron ics  
SEd = the  supply of e lec t ron ics ,  i n  d o l l a r  terms (SIC 36) 
C W  = the  c o s t  o f  mater ials  f o r  t h e  e lec t ron ics  industry (SIC 36) 
SEq - a qrantua f igure  for the  supply of  e lec t ron ics  
IE = in-aestvent i n  new e l e c t r o n i c s  c a p i t a l  (SIC 36) 
CUE - capacity u t i l i z a t i o n  i n  the e lec t ron ics  industry (SIC 36) 
TICP= t o t a l  revenuo a t t r i b u t a b l e  to c r y s t a l s  i n  use i n  a par t i cu la r  
product l i n e  
T W  = t o t a l  revenue from tho s a l e  of a par t i cu la r  product l i n e  that 
u t i l i z e s  c r y s t a l s  a s  an input  
PCV = the  proportion of c r y s t a l  value a s  an input of a p a r t i c u l a r  
product l i n e  r e l a t i v e  t o  t c t a l  inputs  
TFtCt= the sun of the t o t a l  revenues f o r  the  c r y s t a l s  used i n  a l l  of 
the  p a r t i c u l a r  product l i n e s  i n  question 
was used. This i s  necessary because we are  dealing not with one product i 
I 
I 
j 
i 
with one pr ice  s t ruc ture ,  but with an e n t i r e  spectrum of products with 
widely divergent prices.  Total revenue is equal t o  p r i ce  times quantity. 
Normally t o  find quantity, it is  only necessary t o  divide t o t a l  revenue 
by the pr ice  of the product. Not so i n  t h i s  instance. Division of  TRE 
by PE does not y ie ld  an average quanti ty f o r  any product, ra ther  an 
average "quantum" which is bas ica l ly  jus t  a pure number. O f  i t s e l f  
the quantum has no meaning. However, by comparing d i f ferent  quantum 
I I 
over d i f ferent  years an index of the r e l a t i v e  volume of output in  the I 
vww.mll,<..pe"U I- : w - , " . 1 . .  . I.. 
industry i s  obtained tha t  is somewhat more informative. In Equation 6a 
t o t a l  revenue is divided by the  p r i ce  index (PEi) t o  y ie ld  such a 
l l q u a n t d  f igure  (DL ) . This quantum f igure  is an a l ternat ive  measure 
t o  t o t a l  revenue - one tha t  can be projected t o  provide another view of I 
fu ture  electronics demand. ". I 
A similar  modification is made t o  equation 3 t o  y ie ld  equation 7, I 
the supply equation. Since quant i t ies  supplied a re  not known a do l l a r  I 
valuation must be u t i l ized .  The supply of electronics i n  do l l a r  terms I 
(SEd) is a function of the p r i ce  index f o r  SIC 36 and the cost of materials 
used i n  SIC 36. The value o f  industry shipments w i l l  be used t o  represent 
t h i s  do l l a r  supply. The cost  of materials w i l l  be used as a proxy f o r  the  I 
pr ices of the  fac tors  of production because data f o r  t h i s  l a t t e r  variable 
is not available. This should provide a reasonable subs t i tu te .  To a r r ive  
a t  a quantum figure f o r  supply (SEq), the do l l a r  value of supply (SEd) 
w i l l  be divided by the p r i ce  index (PEi), as  i n  Equation l a .  
In the  theoret ical  model, the  investment equation - Equation 4 - 
i s  designed t o  predict  levels  of cap i t a l  expenditures i n  the crys ta l  
industry.  Again the s c a r c i t y  of  da t a  on the c rys t a l  industry makes t h i s  
impossible. Therefore, Equation 8, the  modified investment equation, w i l l  
be used t o  p ro j ec t  investment leve ls  f o r  the e lec t ronics  industry as  a 
whole. S o ~ e  ins ight  i n t o  investment i n  the  c rys t a l  industry can then be 
infer red  from t h i s  information. Howevar, the interpretation here w i l l  
not be q u i t e  a s  adaptable a s  f o r  t he  supply and demand equatluns. Yith 
t he  suppi;, ar.4 demand equations, the projected approach would be along 
individual  product l i nes .  With t h e  investment equation, r e s t r i c t i o n s  
l i m i t  the  f u r t h e r  breakdown o f  investment l eve l  t o  product l i nes .  Hence, 
the  bes t  es t imate bould be t o  assure t h a t  t he  re la t ionship  of  investment 
t o  revenues and capac i t ies  i n  e lec t ronics  industry as  a whole. is the  
same a s  t h e  re la t ionship  of  investment t o  revenues and capac i t ies  
i n  the c r y s t a l  industry.  Such a s  estimate is  fraught with p i t f a l l s ,  but  
would probably be a reasonable "bal l  park" f igure.  
In  equarion 7, investment i n  the e l ec t ron ic s  industry i s  a function 
of the  demand f o r  t h a t  industry 's  products (1'RE) and the  current  l eve l  o f  
capacity u t i l i z a t i o n  i n  t he  industry (CUE). Capacity u t i l i z a t i o n  is not 
published e x p l i c i t y  f o r  SIC 36. Adequate da t a  do e x i s t  t h a t  allow 
development of  a r e l a t i v e l y  good measure of capaci ty u t i l i z a t i o n .  This 
technique was developed by Klein and Preston [3]. The technique involves 
the ca lcu la t ion  of peaks i n  man-hour u t i l i z a t i o n  by an industry,  with the  
peaks designated a s  f u l l  capacity.  A t rend l i n e  is then f i t t e d  t o  these  
poin ts  t o  represent  "potent ial  c- ?city." The percent t o  which the  leve l  
! o f  man-hours a t  any p a r t i c u l a r  time i s  l e s s  t...an o r  g rea t e r  than t h e  
corresponding point  on t h i s  l i n e  provides a measure t h a t  w i l l  be used as  
a proxy f o r  capaci ty u t i l i z a t i o n .  For example, i f  a peak point  on 
the  t rend l i n e  connecting peaks is  100,000 man-hours i n  time period t ,  
m d  ac tua l  manhours were 80,000, capaci ty u t i l i z a t i o n  would be estimated 
a s  80% o f  f u l l  capacity.  
Equation 9 again represents  an equilibrium posi t ion.  But now, it is ! 
the  "quantumtt of  demand t h a t  w i l l  be equal t o  t he  "quantumtt of supply a t  
equilibrium. A t  t h i s  point ,  the model would be complete i f  the  end goal 
were t o  est imate the  demand and/or supply of e lec t ronics  ( o r  individual  
f i n a l  product l i n e s  ). To a r r i v e  a t  the  demand and supply f o r  c r y s t a l s  
one added s t e p  is necessary, provided by equation 10. 
The proportion of c rys t a l  use (PCU) i s  included i n  Equation 2 of  
the  o r ig ina l  model as an explanatory var iab le  of t he  q w t i t y  o f  c r y s t a l s  
demanded. In Equation 10, the  proportion of c r y s t a l  "valuett (PCV) 
t o  provide an estimate of the d o l l a r  demand (TR) is  mult ipl ied by the  
I 
t o t a l  revenue of t h e  individual  product l i n e  f o r  c rys t a l s .  Equatign 10 
is an i d e n t i t y  i n  which the  t o t a l  revenue f o r  c r y s t a l s  is a percentage i  
of the  t o t a l  revenue f o r  the  f i n a l  products. This percentage is  the  PCV - I 
the  port ion of the t o t a l  revenue of a product a t t r i b u t a b l e  t o  i t s  c r y s t a l  
inputs .  
I 
i 
! 
To a r r i v e  a t  a f i gu re  f o r  t he  demand f o r  c rys t a l s ,  the t o t a l  
revenue of  the  f i n a l  products using c r y s t a l s  (TRF) must f i r s t  be  determined. I 
These products a r e  those t h a t  have been i d e n t i f i e d  as po ten t i a l  users  of  
space-grown exo t i c  c r y s t a l s  i n  Table 7-2. The s a l e s  f igures  f o r  each of 
these products w i l l  then be mult ipl ied by its PCV, yielding the  t o t a l  
revenue of  c r y s t a l s  associated with the  p a r t i c u l a r  f i n a l  product (TRCp). 
Summing a l l  of these individual f igures  w i l l  pro ride a measure of 
po ten t i a l  t o t a l  revenue f o r  c rys t a l s .  This f i n a l  r e s u l t  ( TRC ) is given 
P 
by equation 10a. 
7.5 Testing and Estimating Procedure 
A schematic ou t l i ne  of  the  t e s t i n g  and estimating procedure is 
shown i n  Figure 7-2. Input is  of  th ree  types: h i s t o r i c a l  data ,  projected 
data ,  and est imates  o f  t he  proportion of c rys t a l  value i n  each product 
l i n e  tes ted .  H i s to r i ca l  da t a  is in se r t ed  i n  the  dependent and independent 
var iab les  i n  t he  t e s t ab l e  model. By applying s t a t i s t i c a l  regression 
techniques of ordinary l e a s t  squares (OLS), a s e t  of econometric parameters 
a r e  measured which show the  re la t ionship  of the  independent t o  t he  
dependent variables. '  Regression on the da ta  f o r  the Electronic  industry 
then would provide a reasonable check on the  model's general app l i cab i l i t y .  
The next  s t e p  would be t o  do t h e  same f o r  individual  product l i nes .  This 
would y i e l d  the  econometric parameters f o r  project ion purposes. 
The pro jec t ion  of t he  da t a  involves the  l i nea r  project ion of t he  
independent var iab les  data .  This pro jec t ion  i s  accomplished by assuming 
a l i n e a r  pro jec t ion  of the  da t a  and applying OLS regression again with 
each var iab le  regressed aga ins t  a time t rend variable .  The assumption 
of l i n e a r i t y  i s  a s impl i f ica t ion  t h a t  could be relaxed i f  f o r  any reason, 
researchers  f e l t  the  fu tu re  held change. For exanqle, a good p o s s i b i l i t y  
would be t h a t  l i n e a r  pro jec t ion  of  r e a l  gross na tura l  product a r e  high as 
a r e s u l t  of energy and raw mater ial  shortages i n  the  next few years.  
%he idea l  t e s t i n g  technique f o r  a simultaneous equation model is  tvo C 
o r  three  s tage  l e a s t  squares; (2SLS) o r  (3SLS). However, the  small number 
of observations r e s u l t s  i n  very l imited degrees of freedom whel, t h i s  d f 
technique is  used. Frequently the  r e s u l t s  a r e  very s imi la r  t o  ordinary r. 
l e a s t  squares (OLSI. The model i s  t e s t e d  by both methods. P~.o jec t ions ,  5 
however, were made using only OLS. i P 
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The l i n e a r i t y  of the independent var iables  forces l i n e a r i t y  on the  
dependent var iab le  even when calculated with the econometric parameters. 
However, a v e r s a t i l i t y  is introduced t h a t  i s  superior  t o  simple l i n e a r  
pro jec t ion  f o r  t h i s  model when any o f  the l i n e a r i t y  assumptions f o r  the  
independent var iables  a r e  dropped. Applying the  econometric parameters 
from the  h i s t o r i c a l  da ta  t o  the  projected da ta  give project ions f o r  the  
dependent var iab les ,  supply and demand a s  proxied i n  the  model. 
Combining the  dependent da ta  project ions with est imates  of  t he  
proportion of  output value would then y i e ld  estimates of  fu tu re  c r y s t a l  
demand i n  dol la rs .  
?.6 Results of the  Tests on the  E lec tmnics  Industry 
The o r ig ina l  da t a  f o r  the  e l ec t ron ic s  industry a r e  given i n  Table 7-5 
and Table 7-6. Table 7-5 gives the da t a  f o r  the  Supply Equation and 
Table 7-6 the  da ta  f o r  the  Demand Equation. GNP (Table 7-6) i s  given i n  
constant 1958 do l l a r s ,  i . e . ,  the  i n f l a t i ona ry  impact has been removed 
t o  give a more r e a l i s t i c  measure of  ac tua l  increases  i n  physical output. 
Table 7-7 gives the project ions of the independent var iables  i n  the 
demand equation f o r  1975 t o  1991. The simple l i n e a r  regression (OLS) 
technique was applied. The r e s u l t s  f o r  each independent var iab le  i s  given 
a t  the  top of  the page, equations (a) through (d) . These da t a  a r e  
employed i n  Table 7-8. Applying the  coef f ic ien ts  obtained from the  
regression ana lys is ,  p red ic t ion  of t o t a l  revenue i n  e l ec t ron ic s  (TRE) 
1975-1991 a r e  shown. This is  converted i n t o  A quantum t o  give a r e l a t i v e  
measure o f  physical  volume. . 
Table 7-9 gives the  supply equation project ions.  The coe f f i c i en t s  applied 
a r e  shown i n  the  equation a t  the top of the page. The projected da ta  f o r  
TABLE 7-5: HISTORICAL DATA ON SUPP1,Y EQUATION VARIABLES 
(millions) 
Year VALUE IND.  SHIP.[^] *PEJSI COM 141 TREND 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
*PEi is in index form, with 1958 = 100 
TABLE 7-6: HISTORICAL DATA ON DEMAND EQUATION VARIABLES 
(millions) 
Year VALUE IND. SHIP. 141 *PEi [sl GNP 151 FGSE 161 EEX L71 
(constant # -1958) 
1958 19,588.2 100.0 447,300 4,540 1,026.3 
*PEi is in index form, with 1958 = 100 
TABLE 7-7: PROJECTIONS OF DEMAND EQUATION INDEPENDENT VARIABLES 
(a.) PE1 = 93.23 + 1.462 (TREEID) 
(b.) CNP = 412,110 + 25,408.088(T116hlD) 
( c . )  FGSE = 5,618.6 + 443.61(TRPP) 
(d . )  EEX = 522.72 + 165.24 (TRE)(O) 
Year TREND (a.) Pel (b. CNP** 
1975 18 119.546 869,455.57 
1976 19 121.008 894,864.06 
1977 20 122.470 920,272.14 
1978 21 123.932 945,680.22 
1979 22 125.394 971.088.30 
1980 23 126.856 996,496.38 
1981 24 128.318 1,021,904.40 
1982 25 129.780 1,047,312.40 
1982 26 131.242 1,072,720.40 
1984 27 132.704 1,098,128.40 
1985 28 134.166 1,123,536.40 
1986 29 135.628 1,148,944.40 
1987 30 137.090 1,174,35~.40 
1988 31 138.552 1,199,760.40 
1989 . 32 140.0i4 1,225,168.40 
1990 33 141.476 1,250,576.40 
1991 34 142.938 1,275,984.40 
*PEL is i n  indcx form, w i t h  1958 m 100 
(a. lm'* 
3,497.04 
3,662.28 
3,827.52 
3,992.76 
4,158.00 
4,323.24 
4,488.48 
4,653.72 
4.818.96 
4,984.20 
5,149.44 
5,3~4.68 
5,479.92 
**in milliona of dollars 
TABLE 7-8: PROJECTIONS ON THE DEMAND EQUATION 
Year TRB . WANT.* 
*QUANT TRE / PEI 
TABLE 7-9: PROJECTIONS ON THE SUPPLY EQUATION 
(mil lions) 
SI = 42.004(PEL) + 1.83(Cnt~l + 542,01(TRWID) 
Ymar PELeb CONrr TRErQ Sk! 
1975 119.546 27,329.8s 15 63,177.19 
1976 121.008 28.485.94 16 6Sr897.0S 
1977 122.470 29,642.03 17 68,616.91 
1978 123.932 30,798.12 18 71,336.71 
1979 125.394 31,954.21 19 74,056.6'9 , 
1980 126.856 33,110.30 20 76,778.50 
1981 128.319 34,266.39 21 73.4%.36 
1982 129.780 35,422.48 22 82,216.22 
1083 131.242 36.578.57 23 84,936.00 
1984 132.704 37,734.66 24 87,655.94 
198s 134.166 38.890.75 25 90,375.80 
1986 135.628 40,046.84 26 93,095.66 
1987 137.090 41,202.93 27 95,815.52 
d 
1908 138.552 42,359.02 28 98,535.38 
1989 140.014 43,515.11 29 101,255.24 
1990 141.476 44,671.20 30 103,975.10 
1991 i42.938 45,827.29 3 1 106,694.96 
*WANT. - SE / PEL 
*@PEi Ls i n  indcx Cora, with  1958 = 100 
*@*COP4 m 9980.50 + 1156.03(TREND) 
MOTE: COM and S t  are i n  millions of dcllara. 
cos t  of  mater ials  (COM) is given a t  the foot of the  Table. The value of 
industry shipments i n  e lec t ronics  by 1991 i s  projected t o  exceed 106 
b i l l i o n  do l l a r s .  
Note t h a t  the do i l a r  values f o r  demand (TRE) and supply (SE) 
a r e  very close, but not equal. With simultaneous estimation techniques 
used t o  forecas t ,  they would have been equal. These f igures  a r e  within 
1% o f  equal i ty ,  however, A1 though the simultaneous est imations have 
been run, forecas ts  with these est imates  were not made at the  time NASA 
requested our e f f o r t s  devoted t o  the  turbine blade study. 
The project ions f o r  t he  independent var iables  used i n  t he  demand 
and supply equatiorrs assume a simple l i n e a r  trend. For various product 
l i n e s  d i f f e r en t  rtssvmptions a s  t o  the long term trend could be used t o  
account f o r  changing f ac to r s  such as competitive technology and changes 
i n  government spending d i rec t ions .  In  t h i s  instance,  i t  is  highly 
l ike ly ,  f o r  example, t h a t  FGSE w i l l  not  grow i n  l i n e a r  fashion as 
projected. An examination of t he  pro jec t ion  i n  Figure 7-6 shows t h a t  
while the regression pro jec ts  a moderately high increase, the  l a t t e r  years 
show a level ing e f f e c t .  Thus i t  vould probably be b e t t e r  when fore- 
cas t ing  with the individual  product l i n e s  (as well as reforecast ing f o r  
the e lec t ronics  industry) t o  rev ise  downward the FGSE value shown. 
Figure 7-3 through 7-9 a r e  graphic i n t e rp re t a t ions  o f  t he  da t a  
presented i n  the tab les .  Figure 7-3 shows the  ac tua l  movements of 
the  p r i ce  index f o r  the e l ec t ron ic s  industry with the  do t s  being ac tua l  
points .  The dot ted l i n e  iepresents  t he  regression f i t  and s o l i d  l i n e  
the forecas ts  based on the regression analysis .  A l l  of the  f igures  a r e  
se t  up in  the same manner. They are as follows: 
Figure 7-3 - Price Index for  Electronics 
Figure 7-4 - Electronics Exports 
Figure 7-5 - Real Gross National Product 
Figure 7-6 - Federal Government Expenditure on Electronics 
Figure 7-7 - Cost of Materials i n  Electronics 
Figure 7-8 - Demand 
Figure 7-9 - Supply 
lko viable approaches could now be taken regarding the incorporation I 
of crystals in to  the study. I 
(a) The share of crystals i n  the electronics industry t o t a l s  could I 
be estimated and the future market of crysta ls  determined i n  I 
tha t  manner. I 
(b) The share of crystals i n  various product l ines could be estimated I 
a f t e r  the model has been tes ted and projected fo r  the product 
lines. Crystal market denand could then be projected by s d n g  
the individual product demands fo r  crystal.  
Of the two approaches, the second would appear more promising f o r  
two reasons: (a) it would allow a more accurate appraisal across product 
l ines and @ ) i t  would also save disaggregation of crystal  types by each 
product line. This l a t t e r  step is essential  t o  eventual evaluatfon of 
the feas ib i l i ty  of space processed c y s t a l s .  Data collected toward t h i s  end 
are shown i n  Table 7-10. 
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7.7 Results of the Crvstal Survev 
The cover letter and questionnaire used in the crystal survey is 
given in exhibits 7-1, 7-2, and 7-3. The results of the questionnaire were 
very poor. Although trying to be realistic about response, we had anti- 
cipated a somewhat better rate of reply than obtained. None of the eleven 
firms that were sent questionnaires were fully responbive. Only three 
replied at all and only one in any detail. None of the firms were willing 
to disclose information on price or quantities produced. A lack of such 
information in government publications, coupled with non-disclosure policies 
make empirical work almost impossible. 
A few comments were made that might prove interesting, however. These 
are presented for general information purposes. As promised to the firm, 
their identities wiiA not be revealed. 
a) Regarding response to the questionnaire and the need for space 
processed crystals : 
1) ll. . . we cannot identify any need for other than gravity-bound 
crystal manufacture. 
For this reason, we arc not responding to your questionnaire, 
as it is irrelevant to our requirements. 
2) ". . . certain items such as va!ue of production or production 
volume a. e considered proprietary information and as such are not 
furnished . . . 11 
3) "It has not been demonstrated that a need exists for these 
"superior" crystals .I1 
4) "Presently and i n  the  near future,  I see  no need. Some 
applications requiring reduced s t r i a t ions  may develop. 
bl  On cooperation with NASA on such a venture, one firm sa id  no, 
the  other responding sa id  tha t  if t h e i r  pa r t i cu la r  capabi l i t ies  were 1 
needed and they f e l t  they could contribute, they would consider the  
request very seriously . 
C) NO pr ice  o r  information w a s  provided except tha t  one f i n  
which produced only quartz c rys ta l s  c i t ed  a f igure  of $66 per  kg. 
Deportment ol 
Ecowm~cs 6 Geography 
A U B U R N  U N I V E R S I T Y  
S C H O O L  O f  D U S I N L S S  
Telephone 1264910 
Area Cede POS 
June 26, 1974 
Dear S i r :  
The economctrics group a t  Auburn Univers i ty  is  examining t h e  
economic feasibility o f  space  manufacturing o f  c r y s t a l s . .  The 
most obvious b e n e f i t  t o  be e x ~ e c t c d  from such a ven tu re  is 
c r y s t a l s  o f  a high degree  of p e r f e c t i o n ,  p u r i t y  a r d  uf s i z e s  
and shapes u n a t t a i n a b l e  on e a r t h .  The extremely high c o s t  o f  
space  t r a n s p o r t a t i o n  m i t i g a t e s  a g a i n s t  space product ion o f  low 
c o s t  c r y s t a l s .  Thus only t h e  more e x o t i c ,  h igh c o s t  c r y s t a l s  
a r e  viewed a s  p o t e n t i a l s  f o r  space  manufacturing. NASA, how- 
e v e r ,  does not  p lan  t o  t a k e  over  t h e  e x o t i c  c r y s t a l  market from 
p r i v a t e  e n t e r p r i s e .  On t h e  c o n t r a r y ,  p lans  c u r r e n t l y  c a l l  f o r  
a j o i n t  commercial ven tu re  with NASA s e r v i n g  a s  a c o n t r a c t o r  
f o r  t r a n s p o r t a t i o n .  The c r y s t a l s  w i l l  be  grown i n  space  arid 
processed by p r i v ~ z c  f i rms on e a r t h .  Research e f f o r t s  a r e  
p r e s e n t l y  on ly  e n t e r i n g  an R & D phase on t h i s  p r o j e c t .  
Although pic a 2 ~ r t ~ d y  have some c o s t  information on c r y s t a l s ,  we 
would a p p r e c i a t e  your a s s i s t a n c e  i n  t h e  fo l lowing aspec t s  of  
our  s tudy.  
1. h'e would a p p r e c i a t e  a c u r r e n t  p r i c e  l i s t  of  c r y s t a l s  
you produce. This w i l l  a l low us t o  make sollie c o ~ p s r i -  
sons o f  e a r t h  growth t o  space growth c o s t s .  Any c o s t  
o f  product ion information you can supply would a l s o  
be  very h e l p f u l .  I f  you produce c r y s t a l s  only f o r  
i n t e r n a l  proddct ion,  what va lua t ion  do you p lnce  on 
them? A l l  informat ion provided w i l l  b e  kept i n  
s t r i c t  confidence.  Any f i g u r e s  uscd i n  t h e  s tudy  w i l l  
n o t  b e  a s s o c i a t e d  with yourcompany. 
2. Would you p l e a s e  chcck t h e  encloscd l i s t  of  c r y s t a l s  t h a t  
a r e  uscd by your company o r  t h a t  p o s s i b l y  w i l l  bc usedl  
7.8 Exhibi t  7-1 
228 
7 -* ' 1 -- , - - 9  . . - q f i r . r .  8 , O - . I I  ; I . .?r  - a ,  8 q -  a 
1 I 
! i I 
I 
I 
3,  Could you complete the enclosed questionnaire? Please 
return it to: 
A. Wayne Lacy 
Economics Dept . 
Auburn University 
Auburn, Alabama 36860 
C Your co-operation will be greated appreciated and will be kept in 
i strict confidence. 2 
Sincerely, I 
A. Wayne Lacy 
Asst. Prof. of Economics 
! 
i Encl. 2 AWL/ j o 
i 
7 .9  Exhibit  7-2 - Cryst;lls of  I l l tcrest  
Aluminum Gallium Arsenide 
Aluminum Ni t r a t e  
Barium Sodium Niobate 
Eismuth Germanate 
Bismuth Tanta la te  
Bismuth T i t ana t e  
Gadol in i ;~  Iron Garnet Films 
Gadolinium Moly3date 
Gallium Arsenide 
Gallium h i t r i d e  
Gallium Phosphide 
Indium Aluminum Phosphide 
Indium Gallium Phosphide 
Lead Germanate 
Lead Tin Te l lu r ide  
Lithium Germanate 
Lithium Iodate  
Lithium Niobate 
Lithium Tanta la te  
Potassium Iodate  
Potassium Lithium Niobate 
Rare Earth Gallium Garnet Subs t ra te  
Rare Earth Iron Garnets o r  Rare Earth Galliwn Iron Garnet Films 
Ruby ( ~ d ~ ' )  
Sapphire 
Sodium Iodate  
Spinel 
Tr ig lyc ine  S u l f a t e  
Yttr ium Aluminum Garnet 
Yttriwn Iron Garnet 
7.10 Exhibit 7-3 - Questionnaire 
1. Do you bel ieve t h a t  t h e  growth of exot ic  c rys t a l s  can bc a successful 
commercial venture,  i .e . ,  can a p r i c e  be s e t  t h a t  w i l l  recover a l l  
cos ts  including t ranspor ta t ion  and a f a i r  re turn? 
Yes No Not Sure 
2. Do you think your firm would be wi l l i ng  t o  p a r t i c i p a t e  with NASA on such 
a venture? 
Yes No Perhaps 
3. What qua l i f ica t ions  would you p lace  on such a venture? 
* 
4. What d i r ec t ion  do you foresee exo t i c  c rys t a l  p r ices  taking i n  t he  next 
6 years? 
Sharp Increase 
About t he  Same 
Sharp Drop 
Moderate Increase 
Moderate Drop 
5. If you foresee a drop i n  exo t i c  c rys t a l  p r ices ,  what % deciease would 
you expeqt from 1974 t o  1980? 
10%-25% 
33%-50% 
over 90% 
6 .  I f  you foresee a r i s e  i n  exo t i c  c rys t a l  p r i ce s ,  what % r i s e  would you 
expect from 1974 t o  19801 
0--10% 10%-25% 25%-33% 33%-50% 
50%-75% 75%-90% over 90% 
7. What is  the  type and p r i c e  of t he  highest  volume c r y s t a l  you produce? 
Type 
Pr ice  per  lb.  o r  gm. 
Volume 
8, !Vhat is  t h e  type and p r i c e  of t h e  highest p r i c e  c r y s t a l  you produce? 
Pr ice  
Volume 
9. A s  noted, i n  t he  cover l e t t e r ,  i t  is expected t h a t  space processing 
w i l l  allow t h e  growth of c r y s t a l s  of g rea t e r  pu r i t y ,  g r ea t e r  s i z e ,  
and of  spec ia l  shapes t h a t  cannot be produced on ear th .  Of t he  c r y s t a l s  
l i s t e d  i n  above, which would ycu suggest as having the  g rea t e s t  
appl ica t ion  from these  c h a r a c t e r i s t i c  improvements? 
Which would you suggest as having t h e  l e a s t  appl ica t ion?  
\?hat c q s t a l  s t r u c t u r e  no t  l i s t e d  would you suggest as needing a grav i ty  
f r e e  growth environment t h a t  would make them more usable? What uses do 
you foresee f o r  them? 
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8. SUMMARY AND RECOMMENDATIONS 
Reduced g rav i t a t i ona l  e f f e c t s  and the  associated phenomena i n  outer  
space poin t  t o  t he  p o s s i b i l i t y  of the  manufacture i n  space of improved 
i 
i materials ,  new mater ia l s ,  and innovative process techniques. Thus, an 1 
economic ana lys is  using econometric and cost  benef i t  analysis  techniques 
was performed t o  determine the  f e a s i b i l i t y  of space processing of c e r t a i n  
products. The ove ra l l  ob jec t ives  of the  ana lys is  were (a) t o  determine 
spec i f i c  products o r  processes uniquely connected with space manufacturing, 
(b) to  s e l e c t  a s p e c i f i c  product o r  process from each of the  a reas  of  
semiconductors, metals,  and biochemicals, and (c) t o  determine the  ove ra l l  
p r i ce l cos t  s t r u c t u r e  o f  each product o r  process considered. 
?l..e economic elements o f  t he  analysis  involved (a) developing a 
generalized decis ion making format f o r  analyzing space manufacturing, 
(b] a comparative cos t  study of the  se lec ted  processes i n  space vs.  e a ~ t h  
manufacturing, and (c) a supply and demand study of the  economic r e l a t i on -  
ships  of one of t he  manufacturing processes.  Three space processing concepts 
were explored t o  some degree f o r  t h i s  analysis .  The f i r s t  involved the  
use of the  s h u t t l e  as  t he  fac tory  with a l l  operat ions performed during 
individual  f l i g h t s .  The second concept involved a permanent unmanned space 
fac tory  which would be launched separately.  The s h u t t l e  i n  t h i s  case would 
be used only f o r  maintenance and refurbishment. F ina l ly  , some consideration 
was given t o  a permanent manned space factory.  
Product l i n e s  were se l ec t ed  on the bas is  of those t h a t  po ten t i a l l y  would 
provide subs t an t i a l  technical  improvement over ea r th  processing o r  those 
which have not been producible i n  ea r th  grav i ty .  Thus, the products choscn 
f o r  ana lys is  of space processing f e a s i b i l i t y  were s ingle  c rys t a l s  f o r  
e l ec t ron ic  appl ica t ions ,  high-puri ty  tungsten t a rge t s  f o r  medicill x-ray 
tubes,  tu rb ine  blades f o r  j e t  a i r c r a f t  engines, and olcctrophorcsis  f o r  
b io logica l  appl icat ions.  However, the emphasis was d i rec ted  t o  the ana lys is  
of  tu rb ine  blades midway during the  pro jec t  by the d i r ec t ion  of the sponsor. 
A de ta i l ed  ana lys is  of the cos t  of operating the space s h u t t l e  t rans-  
por ta t ion  system was necessary before each manufacturing process c w l d  be 
examined. A l l  products o r  processes were analyzed as  t o  the cos ts  which 
w i l l  be incurred during space manufacture, the projected demands of such 
products during the 1 2  year planning period (1980-1991), and the bene f i t s  
which can be derived from these improved products. Throughout the ana lys is ,  
the assumption was made t h a t  a l l  cos t s ,  including t ranspor ta t ion  cos ts  nust 
be recovered f o r  the  products t o  be viable .  
8 .1  Shu t t l e  Costs 
The cos t  of operating the  s h u t t l e  f o r  space mater ials  processing should 
include three  cos t  estimates: t ranspor ta t ion  ~ o s t s ,  spec i f i c  processing 
cos ts  associated with the f a c i l i t y ,  and in tegra t ion  of s h u t t l c  paylaads on 
the ground. However, t h i s  repor t  i s  concerned only with space t ranspor ta t ion  
cas t s .  The bas i c  assumptions used t o  develop t ranspor ta t ion  cos ts  estimates 
were: (a) the  volume of  t r a f f i c  an t ic ipa ted  by the October 1973 Shu t t l e  
T r a f f i c  Model, (b) the f l i g h t s  evenly d i s t r i bu ted  over t he  planning period 
with f l i g h t  a c t i v i t y  per  year chosen as  12, 20, 30, 40, 56, 60, 70, and 82, 
(c) the cargo payload o f  32,000 pounds (14.5 K ), (d) the o r b i t e r  w i l l  use 
a 200 nau t i ca l  mile o r b i t  with an inc l ina t ion  of 28.5' with a l l  launchw 
occurr ing a t  the Florida launch s i t e ,  and (e) the  cos t  ca lcu la t ions  were 
based on 986 s h u t t l e  f l i g h t s .  
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The conventions and procedures used i n  the  ana lys is  were: (a) the  
use o f  1972 do l l a r s ,  (b) t ranspor ta t ion  cos ts  discounted a t  r a t e s  of 
0, 5,  10, and 15 percent,  and (c) j o i n t  cos ts  a l loca ted  t o  user  on bas i s  
of charge pe r  pound of o r b i t e r  cargo capacity.  Transportation charges a r e  
presented as  minimum cos t  ana lys i s ,  minimum t o t a l  operating and c a p i t a l  
amortization costs ,  and f u l l  cos ts  of  amorti zing operating, investment, and 
development expenditures. Calculat ion of  t ranspor ta t ion  cos ts  of space 
processing a c t i v i t i e s  a t  a zero discount r a t e  u t i l i z e d  $326 pe r  pound 
(453gn)  assuming a t o t a l  of 445 f l i g h t s  over 12 years o r  37 per  year. 
This cos t  would be reduced t o  $260 p e r  pound (453gm) f o r  82 per  year f o r  
12 years.  
Establ ished cos ts  involved est imating expenditures f o r  p a r t i c u l a r  
elements of t he  s h u t t l e  system using parametric est imating techniques. 
These est imates  do not  r e f l e c t  de t a i l ed  engineering est imates  required f o r  
ac tua l  budget requests.  Adjustments were made i n  the  cos t  es t imates  t o  
account f o r  product iv i ty  improvements t h a t  occur over time. These improve- 
ments involve e f f i c i ency  and not  technological advances. Learning curves o f  
d i f f e r e n t  degrees Mere used i n  ad jus t ing  cost  da ta  f o r  increases in  e f f ic iency .  
Base l i n e  f l i g h t s  used 85 and 9S percent  learning curves. 
Operational cos t  assoc ia ted  with the  s h u t t l e  involve f ixed cos t s  
r e f l e c t i n g  non-recurring development and investment expenditures,  and the  9 
f ixed  and var iab le  cos t s  associated with operation. The base l i n e  operat ional  
cos t  per  f l i g h t  is  estimated a t  $10.45 mil l ion (1971 do l l a r s )  f o r  a t o t a l  
of 439 f l i g h t s .  This f igure  does not  include any procurement cos t s  of t he  
o r b i t e r s  ur any development cbsts. I t  does include the  elements l i s t e d  on 
the  next  page. 
Sol id  Rocket Booster 
Extenla1 H2/02 
Program Support 
Orbi te r  Spare Pa r t s  
Grotmd Operations 
Main Engine 
Fuel 4 Propel lants  
TOTAL 
$4.28 mil l ion 
2.31 " 
1.76 " 
1.40 " 
.27 
$23  
-20 " 
$10.45 mil l ion 
To determine the  e f f e c t  of d i f f e r e n t  leve ls  of s h u t t l e  a c t i v i t y  on 
the  average cos t  o f  operation, average cost  curves f o r  the 12 year planning 
period were ca lcu la ted  on the  bas i s  of  d i f f e r e n t  f l i g h t  a c t i v i t i e s :  
Total  F l igh ts  144 240 360 480 672 720 840 984 
F l i g h t s p e r y e a r  12 20 30 40 56 60 70 . 82 
These f l i g h t s  were assumed t o  be d i s t r i b u t e d  evenly over t he  12 year period. 
Average annual cos ts  f o r  each a c t i v i t y  l eve l  were calculated and curves 
f i t t e d  t o  these poin ts .  The average annual t o t a l  cos t s  were discounted using 
0, 5,  10, and 15 percent  discount r a t e s .  
The t o t a l  cos ts  per  f l i g h t  a r e  dependent on a number of var iab les  
including: 
a. Orbi t  e levat ion;  
b. Number of launch s i t e s ;  
c. Learning curve; 
d. Number of f l i g h t s ;  
e .  D i s c o u ~ t  r a t e ;  
f .  F l igh t  d i s t r i b u t i o n  o f  12 year  period. 
In  t h i s  analysis ,  only the  number of f l i g h t s  and the  discount r a t e  were 
allowed t o  vary. These a r e  the  most c r i t i c a l  values 'for an economic ana lys is .  
Total  operat ional  cos ts  f o r  the  s h u t t l e  w i l l  vary g rea t ly  with the leve l  
o f  f l i g h t  a c t i v i t y  varying f o r  $2406.5 mil l ion t o  $8216.4 mil l ion f o r  12 
and 82 annual f l i g h t s ,  respec t ive ly ,  a t  a zero discount r a t e .  Costs pe r  
pound (453 gm) of cargo vary from $552 t o  $260. For an a c t i v i t y  of  37 
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f l i g h t s  p e r  year (445 t o t a l ) ,  the marginal cos ts ,  f ixed cos ts  per  f l i g h t ,  
and thc  cos t  per  pound (453gm) of cargo is  shown below a t  the  various 
discount r a t e s .  
Discount Rate 
Marginal cos t  per  f l i g h t  
f o r  445 f l i g h t s  $7.81 m $5.6 m $4.48 m $3.67 m 
Fixed cos t s  $1298.39m $999.6m $ 7 6 5 . 6 ~ 1  $705.5 n 
Cost per  pound (453 g.) $326. $253. $203. $170. 
of cargo f o r  445 
f l i g h t s  
Non-recurring investment and development cos ts  were contracted i n  the  
F isca l  years 1975-1980. Only the non-recurring investments cos ts  of the 
o r b i t e r  and i t s  support ground f a c i l i t i e s  were included a s  f ixed elements 
of  t ranspor ta t ion  cos ts  with only $1345 m i l l i o ~  included as c a p i t a l  amortization. 
The average cost  per  pound (453 gm) f o r  recovery of non-recurring invest-  
ment expenditures would be $42 f o r  82 f l i g h t s  per  year.  The operat ional  
cos ts  of the  o r b i t e r  a t  a 5 percent discount i s  $202 per pound of cargo. 
Minimum t o t a l  operating and c a p i t a l  amortization cos ts  of the space s h u t t l e  
t ranspor ta t ion  system as  r e l a t ed  t o  mater ials  space processing would be 
$244 pe r  pound (453 gm) of  cargo payload. I f  f u l l  cos ts  of amortizing a l l  
developments cos ts  were discounted, the  maximum charge pe r  pound o r  453gm 
( a t  5% discount and 82 f l i g h t s  per  year) would be $246. The maximum 
cos ts  of  operat ing and amortization of the space s h u t t l e  t ranspor ta t ion  
system is  thus $448 pe r  pound (453 gm) of  cargo payload. A case f o r  a 
minimum t o t a l  operat ing and cap i t a l  amortization cos ts  of $244 can be made 
because tho  developrncnt cos t  i s  incurred regardless  of whether space processing 
is  undertaken o r  not and s ince  the  cos t  involved i s  undertaken by the 
publ ic  sec tor .  The r a t i o  then would f a l l  somewhere between the  5 and 10 
percent discount.  
8.2 Turbine Blades 
8.2.1 Economic Analysis 
An economic ana lys is  was made t o  determine the cos ts  and bene f i t s  
o f  space manufacturing of turb ine  blades.  F e a s i b i l i t y  o f  space processing 
was analyzed by comparing the  p o t e n t i a l  benef i t s  with po ten t i a l  cos ts .  Benefits 
were estimated by assuming a higher  l eve l  o f  performance from a t e c h n ~ l o g i c a l l y  
super ior  blade (an increase of 200' temperature, doubled blade l i f e ,  and 4 
percent  fue l  reduct ion) .  Poten t ia l  savings were ca lcu la ted  only f o r  U.S. 
commercial a i r l i n e s ,  using p ro j ec t i cns  of  fu tu re  f l i g h t  l eve l s .  
The economic ana lys is  showed an adequate demand t o  j u s t i f y  production 
of space processed blades both from a quant i ty  and bene f i t s  standpoint.  
Quanti t ies  demanded i n  1980 and f o r  t he  f i r s t  5 years  a r e  121,987 blades 
per  year. These q u a n t i t i e s  increase a f t e r  the f i r s t  5 years f o r  U.S. a i r l i n e s  
and could be higher (maybe th ree  times) with o the r  users .  Benefits of use 
. . 
were computed as  $991. SO per  blade over t he  7.5 year l i f e t ime  when used as  
replacements i n  ex i s t i ng  a i r c r a f t .  These bene f i t s  increase t o  over $21,000 
per  blade over the 7.5 year  l i fespan  when used in  new a i r c r a f t ,  t h a t  i s ,  
new a i r c r a f t  designed t o  f u l l y  u t i l i z e  the technologi i s l  advances with 
increased payload capacity.  
Residual factory cos t s  (maximum allowable amount t h a t  could be invested 
i n  development, launch, and d i r e c t  operat ional  cos t  o f  space factory)  was 
computed using three  separa te  assumptions. These assunptions a r e  based 
on the t ranspor ta t ion  w i g h t  of the blade m ~ t c r i a l s ,  the assoc ia tc i  I:,, Ids,  
and the s torage equipment. The residual  factory cos ts  a r e  l i s t e d  below: 
1.5 lb .  (680 g~n)  (best  
weight estimate) 
2 lb. (906 gm) (high 
weight estimate) 
1 lb.  (453 gm) ( l m  
weight estimate) 
Cost 
-
$369,482,727 
h e  low weight estimate may be f eas ib l e ,  i f  a manned opsrat ion using 
permanent molds is  subs t i t u t ed  f o r  t he  automated process. I f  so  a 
d i f f e r e n t i a l  of $256,058,182 f o r  purposes of  a manned operation would 
be ava i lab le  over the bes t  weight cstimate.  For the high weight est imate 
$512,116,364 would be freed f o r  manned operat ions.  
The use of space processed turb ine  blades could produce a t o t a l  d o l l a r  
savings of 4.311 b i l l i o n  t o  U.S. a i r l i n e s  f o r  100 percent adoption over a 
10 year per iod (1980-1989). For 13  years (1980-1992), t h i s  savings c w l d  
be 6.618 b i l l i o n  do l l a r s .  Subs tan t ia l  fue l  savings a l so  could be rea l ized .  
These savings per  year would be 111.7 million gallons (422 mil l ion l i t e r s )  
i n  1981 increasing t o  990.4 mil l ion gal lons (3.75 b i l l i o n  l i t e r s )  by 1992. 
For the 12 year period (1981-1992), t h i s  fuel savings would be 6.522 b i l l i o n  
gal lons (24.7 b i l l i o n  l i t e r s )  of j e t  fue l .  
Comparison of cos ts  and bene f i t s  appear t o  make turb ine  blades f o r  
a i r c r a f t  a viable  candidate f o r  space processing provided tha t  the  product 
can be manufactured t o  provide the assumed technological advances. 
8.2.2 Space Processing o f  Turbine Plades 
Space processing of d i r ec t iona l ly  s o i i d i f i e d  turbine blades i s  
envisioned as a simple remelt operation i n  which a pre-cas t  blade o r  blades 
dre remelted i n  a pre-formed mold. ?'he weight of the large number of  
blades (172,800) which must be produced annually,  the  weight of the necessary 
associated processing f a c i l i t i e s ,  and the  long process time eliminate:: t he  
s h u t t l e  as  a possible  space fac tory  f o r  turbine blades.  Therefore, a 
permanent space fac tory  is  required using the  s h u t t l e  only as  a rneans f o r  
maintenance and refurbishment. 
With a s h u t t l e  cargo payload of 32,000 pounds (14.5 K) and a maximum 
allowable weight of blades,  molds, and s torage f a c i l i t i e s  a s  2 pounds (906 gm) 
per  blade a t  l e a s t  eleven s h u t t l e  t r i p s  per  year a r e  required. For a 
margin of sa fe ty ,  monthly s h u t t l e  t r i p s  were assumed. On a monthly o r  
30 day bas i s ,  14,400 blades must bc manufactured giving a maximum s h u t t l e  
cargo load of 28,800 pounds (13.05 K) per  t r i p .  In  each 30 day period, the  
blades should be produced i n  approximately 25 days t o  leave s u f f i c i e n t  time 
f o r  manual maintenance and refurbishment cf  the permanent space factory.  
Three d i f f e r en t  process systems based on (a) induction melting, 
(b) continuous res i s tance  furnaces,  and (c) batch res i s tance  furnaces 
were evaluated. Induction melting techniques do not seem t o  be a y l i c a b i e  
t o  space processing of tu rb ine  blades.  Even a t  f a s t  s o l i d i f i c a t i o n  r a t e s ,  
too . r a y  induction un i t s  would be require3 f o r  one c o i l  per  un i t .  In most 
cases,  induction melting u n i t s  a r e  la rge  and the  space necessary t o  house 
a l l  of the  uni rs  plus  the associated s torage and nandling cquiprnent would 
be excessive. The number of u n i t s  could be reduced by u t i l i z i n g  mu1:i- 
c o i l  u n i t s  but,  i n  any event,  the  t o t a l  power required f o r  induction melting 
of tu rb ine  blades i s  probably too grea t  f o r  space processing. Also, the 
number of blade-mold combinations (one blade per  mold) which must bo crew- 
h a d l e d  during refurbishment is  s taggeri2g.  
Resistance type furnaces e i t h e r  continuous o r  batch hold the  bes t  
p o s s i b i l i t i e s  f o r  space processing. The s o l i d i f i c a t i o n  r a t e  i n  e i t h e r  
case must be high, on the order  of 7 in /hr  (0.05 mm/sec) t o  maintain a 
reasonable number of  furnace systems. Regardless, whether a continuous o r  
batch system i s  used, a multi-blade mold must be developed because, even 
with high s o l i d i f i c a t i o n  ra tes ,  s ing le  blade molds w i l l  require  too 
many furnaces. In e i t h e r  process, the s i z e  of the furnaces required i s  
much l e s s  than the  s i z e  of the  associated f a c i l i t i e s  f o r  s torage and 
handling. Consequently, t he  s i z e  of the l a t t e r  i s  of major consideration 
i n  determining the  s i z e  of  the space factory required. 
The t o t a l  space required t o  house the continuous system w i l l  o c c ~ p y  
about two times the volume a s  the  batch process (300 m3 t o  153 m3). Also, 
the mater ials  handling equipment f o r  the  c o n t i n ~ o u s  process l i k e l y  w i l l  be 
more complex than for the  batch process.  Power requirements f o r  each 
process (24 kw fo r  continuous and 80 kw f o r  batch) border on being reasonable 
but  new methods of obtaining e l e c t r i c a l  power should be invest igated.  The 
use of removeable mold s torage compartments would decrease the  number of  
blade-mold un i t s  which need be handled during refurbishment. In considering 
a1 1 aspects,  a multi-chamber. batch res i s tance  furnace process using a 
multi-blade mold (6 blades per  mold) seems t o  o f f e r  the bes t  p o s s i b i l i t y  
f o r  turbine blade processing i n  space. 
The molds used i n  space processing of turbine blades a r e  very important. 
In both cases of continuous and batc:. .esistance systems, b~ allowable mold 
density was calculated.  The use o i  r.:usable pre-cast  molds i n  which a 
pre-cast blade i s  inser ted  on ea r th  neces s i t a t e s  t he  use of a s torage system 
during s h u t t l e  t ranspor ta t ion  t o  the  space fac tor .  The allowable sold 
density,  thus,  was determined on thc  bases  of  the  maximl~m weight l imi ta t ions  
of  1.0, 1.5, and 2 pounds (453, 680, and 906 grams) per  blade S9r t he  
blades,  molds, and s torage  system. The s torage system was designed w i n g  
e i t h e r  a boron-aluminum composite o r  t he  low dens i ty  a l loy  LAl4lA (Mg-Idti-1Al). 
There was very l i t t l e  d i f fe rence  i n  mold dens i t i e s  using e i t h e r  mater ial  f o r  
t he  s torage systea.  The l imi t a t ion  o f  one pound (453gm j imposes r e s t r i c t i o n s  
on the  dens i ty  (average of  2.4 gm/cm3) o f  t h e  mold and would reduce the  
number of poss ib le  mold mater ial  candidates.  Increasing tha allowable weight 
t o  1.5 pounds (680 gm) per  blade increases  t he  allowable mold densi ty  t o  
over 5 gm/cm3. Mold dens i ty  would no longer be a major f a c t o r  i n  tbc; se lec t ion  
of the  mold mater ial .  Naturally,  t h i s  assumes a thin-shel led mold (0.3 cm 
th ick)  f o r  maximum heat  t r a n s f e r  through the  mold wall .  
New technological advances must be made i n  order  t o  minimize the  
number of  furnaces reuqired and, thus,  decrease t o  a reasonable amour,t t h e  
associated mater ials  s torage  and handling equipment. These advances must be 
mainly i n  the areas  c f  mold mater ia l s  and design, furnace design, and the  
determination of the  f a s t e s t  poss ib le  s o l i d i f i c a t i o n  r a t e  t o  obta in  the desired 
a l loy  proper t ies .  A l l  aspects  of  design f o r  a l l  t h e  d i f f e r e n t  associated 
equipment necessary f o r  production a r e  dependent on s o l i d i f i c a t i o n  r a t e  
( r a t e  of  production) and the  number of blades which can be processed per  
mold. T?lese determine the  number and s i z e  of t h e  furnaces,  s i z e  of the  
mater ials  s torage f a c i l i t y ,  the space requirements t o  house the  e n t i r e  
system and the  t o t a l  power requirements. 
A l l  o f  the  processes out l ined  depend on obtaining high s o l i d i f i c a t i o n  
r a t e s  and blade-mold compatibi l i ty .  The dimensional tolerances of the 
blade depend on the  compatibi l i ty  between the  mold and t h e  blade p r i o r  t o  
and during the  e n t i r e  process. Technologically, t h i s  may be the g rea t e s t  
handicap t o  overcome, A t  t he  present  time, it i s  f e l t  t h i t  the technology 
required f o r  construct ion of t h e  bas i c  furnaces,  the mater ials  s torage 
f a c i l i t i e s ,  and t he  mater ials  handling equipment i s  ava i lab le .  However, 
two quest ions remain. 
a. Are the  high s o l i d i f i c a t i o n  r a t e s  required t o  reduce the  number 
of furnace systems capable of obtaining the necessary a l loy  
proper t ies?  
b. Can a mold mater ial  be found t h a t  w i l l  be s a t i s f a c t o r i l y  compatible 
with the  process? 
8.3 High-Puri t y  Tungsten X-Ray Targets 
High-purity tungsten f o r  medical x-ray tubes was se lec ted  f o r  consid- 
e r a t ion  because improvement i n  t he  qua l i t y  of  x-ray p i c tu re s  would produce 
ex terna l  bene f i t s  t o  individuals ,  t a r g e t  l i f e  could be lengthened, and 
tungsten t a r g e t s  have a high value per  pomd (453 gm). Space manufacturing 
by conta iner less  l e v i t a t i o n  melting would be expected t o  increase the  ~ u r i t y  
of tw.gsten. An improved tungsten t a r g e t  would have higher milliampere 
r a t i ngs  and smaller  foca l  spots  which would r e s u l t  i n  g rea t e r  x-ray d e t a i l .  
An improvement of these cha rac t e r i s t i c s  r e s u l t  i n  higher thermal s t r e s s e s  
on t h e  t a r g e t  and requi re  tungsten of higher  pur i ty .  
The economic p o t e n t i a l  of high-puri ty  tungsten t a r g e t s  was assesjed 
by: (a) est imating the  ex i s t i ng  number of x-ray machines and tungsten t a r g e t  
components, (b) est imating the  fu ture  demand f o r  replacement t a r g e t s ,  and 
(c) est imating the  demand f o r  new x-ray machines and component x-ray tubes.  
Tota l  demand f o r  x-ray tubes f o r  new machines and replacement purposes i s  
estimated a s  32,343 u n i t s  i n  1980 and 39,974 un i t s  i n  1991. A t  the current  
p r i c e  (approximately $200 per  tube) t h i s  means an exycnditure of about $120 
mil l ion (1984 do l l a r s )  by 1991. A t  prcsent ,  it i s  assumed t h a t  a 1.5 pound 
(680 gm) x-ray t a r g e t  would cos t  $130. The t o t a l  t a r g e t  comps:ent cos t  of 
x-ray tubes i n  1991 would be about $718 mil l ion do l l a r s .  
The success of  space processing of tungsten t a r g e t s  does not appear 
t o  be dependent pr imari ly  on cos t  cu t t i ng  by reducing the  rhenium i n  t h e  
tungsten. To be successful ,  there  must be an extension o f  t a r g e t  and tube 
l i f e  beyond the  average two year in tens ive  use l i f e  which now e x i s t s .  A 
considerable increase i n  tube l i f e  would be required as  the t ranspor ta t ion  
cos t s  associated with s h u t t l e  operations exceed the  ex i s t i ng  ea r th  production 
cos t .  A n  estimated operating cos t  of $162 per  pound (453 gm) and a c a p i t a l  
amortization cost cf $95 pe r  pound (453 gm) i s  found f o r  a 10 percent discount 
r a t e  a ~ d  984 f l i g h t s .  When a l l  c ~ s t s ,  operatir.2 and amortization, a r e  
covered, the  space t ranspor ta t ion  cos t s  (not including processing cos t s )  
would be about $257 per  pound, while a t  present ,  the manufacture cos t  is $87 
per  pound (453 gm) . Thus, a th ree- fo ld  increase i n  t a r g e t  l i f e  i s  required 
t o  cover space t ranspor ta t ion  cos ts .  
On the o ther  hand, i f  the  only cause of x-ray tube r e p l ~  :it was 
f a i l u r e  of the t a rge t ,  a doubling of tube l i f e  would amount t o  a cos t  saving 
of l i t t l e  under $2,000 (manufacturer's p r ice)  per  un i t .  In t h i s  case,  
tungsten t a r g e t s  would cons t i t u t e  a reasonable candidate f o r  space processing. 
Assuming an average l i f e  of t he  tube a s  5 years,  and a 15 percent discount 
r a t e ,  a doubling o f  tube l i f e  would r e s u l t  i n  cost  savings of  $220,474,000 
f o r  manufacturer 's  s a l e s  and $14,953,000 f o r  manufacturer's value. 
A l l  benef i t s  a r e  based on continued growth i n  demanu f o r  rad io logica l  
hea l th  s e rv i ces  a t  the r a t e  experienced i n  tL recent pas t .  These r a t e s  may 
not  be continued. The leve l  of bene f i t s  which w i l l  be achieved is not  as  
ce r t a in  as  the  leve l  of  cos ts  t h a t  w i l l  be incurred. Cost of the  processing 
f a c i l i t y  was not  determined because t h i s  cos t  would have t o  be excluded from 
the  bene f i t s  of t he  space process. 
8.'4 Electrophoresis of  Biological - Material 
Gravity limits the e x t s ~ t  o  which ce r t a in  b io logica l  products can be 
prodl~ced espec ia l ly  i n  the  a r ea  of  pu r i f i ca t ion .  Near zerc  g rav i ty  conditions 
may enhance the  p u r i f i c a t i o n  of t he  products.  In t h i s  repor t ,  the b io logica l  
manufacturing processes were r e s t r i c t e d  t o  electrophpresis  methods such as :  
(a) continuous def lec t ion ,  (b) i s o e l e c t r i c  focusing, and (c) isotachophoresis.  
Seven b io logica l  candidates were evaluated. These seven candidates 
were: 
a. Pure samples o f  four  subclasses of  IgG; 
b. Pure cu l tures  o f  Beta c e l l s ;  
c. Pure cu l tures  o f  tumor cel!s; 
d. Urokinase producing c e l l ;  
e. Pure samples of antihemophilic fac tors ;  
f .  Pure cu l tures  of B 6 T c e l l s ;  
g. Pure cu l tures  of stem c e l l s  without compliment f i x ing  c e l l s .  
The nost promising candidate i s  the separat ion of  immunoglobulin (IgG) 
i n t o  i ts  four  subclasses by means of i s o e l e c t r i c  focusing e lec t rophores i s .  
Only 100 grams of IgG s e ~ a r a t e d  i n t o  i t s  subcomponents could provide the  U.S. 
needs f o r  a year. This amount could provide serum t h a t  would be reproduced 
i n  animals. Only one f l i g h t  per  year would be required t o  provide t h i s  
amount. This could be done in  a regular  s h u t t l e  f l i g h t .  Benefits of space 
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processing of  commercial IgG depend on the extent  of improvement of diagnost ic  
t e s t s  fo r  agammaglobulinemin r e su l t i ng  from the  usc of space processed 
serum and the number of t e s t s  performed. 
In 1973, it was estimated t h a t  a t e s t  was performed on one out of every 
219 persons i n  the U.S. This re la t ionship  i s  not expected t o  change during 
the  12 yeor planning period. Thus, t he  number of t e s t s  t o  be performed was 
estimated t o  increase from 1,023,434 i n  1980 t o  1,135,365 in  1991. In 1973 
d o l l a r s ,  t h i s  represents  hosp i t a l  cos t s  of  $12,281,000 and $13,624,000 f o r  
the  beginning and terminal years of  t h e  planning period,  respect ively.  The 
t o t a l  cos t  (not discounted) f o r  the projected t e s t s  (17,940,848) would be 
about $215,290,000. The t o t a l  cost  r e su l t i ng  from the addi t ion of an o r b i t e r  
s h u t t l e  f l i g h t  required t o  perform the  zero gravi ty  electrophoresis  processing 
represents  about 39 percent of the hospi ta l  cos t  of a complete IgG t e s t .  
I n c r e ~ s e d  diagnost ic  e f f ic iency  may warrant the estimated cos t  of $16.70 f o r  
the "new" t e s t .  
The ca lcu la ted  cos t s  were based on the  assumption t h a t  t he  e n t i r e  cargo 
space of the o r b i t e r  i s  required t o  perform the e lec t rophores i s  processing. 
Shared Fl ights  would reduce the cos t  of producing serum. Benefits should 
be d e r i Y  3 trom more e f f i c i e n t  diagnost ic  t e s t s  r e su l t i ng  i n  a reduced number 
of v i s i t s  t o  the doc tor ' s  o f f i c e  and more rapid diagnosis of a wide range 
of diseases .  
8.5 Crystal  Study and Econometric Model 
An econometric model was developed t o  pred ic t  denand and supply f igures  
f o r  c r y s t a l s  during the period of 1975-1990. Included i n  the model is an 
e q u a t i ~ n  t o  pred ic t  impact on investment i n  the crystal-growing industry. 
In f ac t ,  two models a r e  presented: 
a. A t heo re t i ca l  model which follows s t r i c t l y  the standard theo re t i ca l  
economic concepts involved i n  supply and demand analysis .  There 
a r e  severe da t a  l imi ta t ions  which prevented comprehensive t e s t i n g  
of t h i s  mode;. 
b. A modified model versioa which was used f o r  t e s t i n g  ex i s t i ng  da t a  
sources. 
Data on quan t i t i e s  of  c r y s t a l s  so ld  i n  t h i s  country were not ava i lab le  and 
r e p l i e s  t o  a mailed survey t o  c r y s t a l  manufacturers were poor. Other 
problems encounted were the loca t ing  of  da t a  on s p e c i f i c  p r i ce s  and cos ts  o f  
production i n  c e r t a i n  s t r a t e g i c  c r y s t a l  using product l i nes .  The absence 
of these  da t a  forced modification of t he  model t o  enable r e s t i ng  procedures. 
The econometric model t o  be t e s t ab l e  by t h e  e l ec t ron ic s  industry a s  a 
sample was modified mainly by the  following: 
a .  Quantity demanded replaced by t o t a l  revenue as  dependent var iab le  
i n  demand equation; 
b. The t o t a l  revenue f o r  the  e l ec t ron ic s  i n d u s t y  var iab le  is p r i ce  
times quant i ty  f o r  a l l  elements included within the industry 
ins tead  of  simple quant i ty  var iab le ;  
c .  Instead of d i r e c t l y  employing a p r i ce  variable ,  a p r i ce  index 
f o r  t he  e l ec t ron ic s  industry was used; 
d. Value of industry shipments used t o  denote o r  proxy demand. 
Other minor modifications a l so  were made. For t e s t i ng ,  the input considered 
of h i s t o r i c a l  data ,  p ro jec ted  da ta ,  and est imates  of t he  proportion of 
c r y s t a l  value i n  each product l i n e  tes ted .  The value o f  e l ec t ron ic  industry 
shipments by 1991 was projected t o  exceed 106 b i l l i o n  d o l l a r s .  Project ions 
fo r  independent vclrinblcs used in  the demand and supply equations assumed 
a simple l i n c a r  t read  but a r e  l i k e l y  t o  be somewhat l e s s .  
The incorporation c f  t he  c r y s t a l  study presented problems f o r  econo- 
metr ic  ana lys is  becausc of the almost t o t a l  lack of time s e r i e s  data.  
Crystal  da ta  proved t o  be too shor t  term f o r  the model i n  general.  Two 
approaches could be made t o  incorporate  c r y s t a l s  in+o the study. The bes t  
approach seems t o  be t h a t  of  est imating the share of  c r y s t a l s  i n  various 
product l i nes  a f t e r  the model is  t e s t e d  and projectec f o r  the  prodact l i nes .  
Crystal  market demand could then be projected by summing the individual  
product demands f o r  c rys t a l s .  However, work on the c r y s t a l  study and the  
ac~nomet r i c  analysis  of c r y s t a l s  was terminated a t  the  request of NASA 
p ro j ec t  d i r ec to r s .  A more i n  depth study has been fundzd with another 
contractor .  
8.6 Recommendations 
I t  was assumed i n  t h i s  study t h a t  nonexisting engineering technology 
necessary f o r  the products and processes d id  i n  f a c t  e x i s t .  Thus, during the  
economic analysis  of space processed mater ials  and, i n  p a r t i c u l a r ,  o f  t he  
turb ine  blades several  problems were iden t i f i ed .  Therefore, the following 
recommendations a r e  made: 
a .  An in tens ive  inves t iga t ion  t o  determine the optimum s o l i d i f i c a t i o n  
r a t e  under zero gravi ty  conditions for  turbine b1;lcs with unidirect ione 
proper t ies  should be undertaken. This study should include under- 
s t m d i n g  the e f f e c t  of the  blade shape on d i r ec t iona l  s o l i d i f i c a t i o n .  
This recommendation i s  predicated on the  f a c t  t h a t  the  economical 
space processing of turbine blades i s  a function of the  turb ine  
blade s o l i d i f i c a t i o n  r a t e .  
b. The development of a thin-walled turb ine  blade mold capable of 
holding several  pre-cast  blades should be undertaken. The mold 
which i s  a key t o  turbine blade production should be reusable,  
?.ave high thermal conductivity,  high shock res i s tance ,  and be 
capable of easy blade in se r t i on  and removal. 
c. Space power p l an t s  capable of higher continuous power output 
(200 t o  300 kw) should be developed f o r  space processing. Solar  
concentrating iurnaces should be designed and developed f o r  s h u t t l e  
experiments such as  metal melting which have high power requirements. 
These experiments a r e  necessary p r i o r  t o  t he  establishment of f i n a l  
manufacturing processes.  Even though, nuclear power generation 
is  not  f ea s ib l e  f o r  t he  s h u t t l e ,  nuclear systems may prove e f f e c t i v e  
f o r  unmanned s t a t i o n s  s ince  extensive sh ie ld ing  is not required. 
1,aunch requirements would neces s i t a t e  a l i g h t  weight nuclear system. 
d. Containerless l e v i t a t i o n  melting techniques and associated fabr ica-  
t i o n  processes f o r  h i g h - p ~ r i t y  tungsten o r  o ther  mater ials  should 
be developed fur ther .  A t  t h e  present  time, the  s i z e  of individual 
melts is  small and the production r a t e  is low. Also, the  shape 
produced by conta iner less  melting must be modified f o r  f i n a l  use 
and t h i s  fabr ica t ion  process can be 3 source of  contamination. 
e. The e f f e c t s  o f  near  zero gravi ty  o r  reduced gravi ta t iona l  conditions 
on e lec t rophore t ic  processes should be determined s ince the  r e s u l t s  
from e lec t rophore t ic  experiments on Apollo and Skylab have l e f t  
many questions unanswered o r  prompted more. 
f .  A s e r i e s  of  space processjng experiments t o  provide da t a  of a 
s c i e n t i f i c  and engineering na ture  shoulri be undertaken t o  provide 
data for an economic analysis prepared on the basis o f  a more 
c~mplete  predicate. 
g. Cost data for the development, construction, launch, and maintenance 
of a permanent space s tat ion  should be generated i n  order t o  predict 
the economics o f  future space processing. 
